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B i j  hoge serum-galzout-spiege ls kunnen bepaalde farmaka , 
die normaal in hoge mate door de lever worden opgenome n ,  
een afwijkend farmakokinetisch gedrag en een afwij kend 
werkingspatroon vertonen . 
II  
De  door Somogyi et al .  beschreven waarneming van een 
verlengde werkingsduur van pancuronium in patienten met 
een galweg-obstruktie kan verklaard worden door de 
aanname dat galzouten de leveropname van pancuronium 
rernrnen . 
Somogyi, A . A., C. A .  Shanks and E.J. Triggs . Br . J. 
Anaesth. 49, 1103 (1977) 
I I I  
Het standaardizeren van termen e n  syrnbolen i n  de 
farmakokinetiek verdient aanbeve ling . 
IV 
Wetenschappelijke prestaties in de vorm van publikaties 
van personen , die in de research werkzaam z i j n , kunnen 
het beste beoordeeld worden aan de hand van de frequentie 
waarmee door anderen naar die oublikaties verwezen wordt.  
v 
Door het verstrekken van stenci ls om kol legestof te 
verduidelijken of samen te vatten wordt bij  de medische 
student een attitude gevormd waarop�in de latere huis­
artsenpraktijk�door folders van de farmaceutische 
industrie ingespeeld wordt . 
VI 
Het verschi l in de mate van verontrusting binnen het 
christe lijke mi lieu over het orobleem van abortus en 
het probleem van oorlog en vrede is opmerkeli j k .  
VII  
Elke e igentij dse aanpassing van de promotie-plechtigheid 
is in strij d  met de aard van deze plechtighe id . 
VI II  
Uit het huidige record aantal verkopen van nieuwe auto's 
hoe ft niet noodzakelijkerwi j s  gekonkludeerd te worden dat 
een dreigende energiecrisis is afgewend . 
IX 
Met betrekking tot de spreiding van rij ksdiensten is het 
teleurstellend dat de P . T . T .  haar oude slogan: "Laat eens 
iets van je hoorn " hee ft laten vallen . 
Roel J .  Vonk 8 maart 1 97 8 . 
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SUMMARY 
The e ffect of bile salts on hepatic transport of drugs was 
investigated in male Wistar rats . Two main leve ls of interaction 
were found : 
a .  the biliary excretion process 
b .  the hepatic uptake process 
The e ffect of bi le salts on the bi li ary excretion of drugs 
is not uni form : the biliary excretion of some drugs is stimulated, 
whereas that of other drugs is not affected . Among the drugs of 
the latter category are compounds for which hepatic uptake i s  
the rate limiting step i n  transport from plasma t o  bi le . The 
mechanism of the stimulation of biliary excretion by bile salts 
seems to be dependent on the compound studied : the biliary 
excretion of the organic anion dibromosulphthalein is bile flow 
dependent , whi le biliary excretion of other organic anions like 
indocyanine green and rose bengal is not directly dependent on 
bile flow .  These differences cannot be explained by qual itative 
differences in biliary micelle binding . 
The inhibition of hepatic upt ake of drugs by bile salts , 
demonstrated in intact rats , isolated perfused rat l ivers and 
isolated hepatocyte s,was observed when re latively high plasma 
levels of bile salts ( >  100 µM) were present . The hepatic uptake 
of both organic anions and organic cations was inhibited , which 
makes it less likely that only simple competition phenomena are 
involved . This inhibition of hepatic uptake of some drugs may 
have pharmacokinetical and pharmacotherapeutical consequences .  
This is especially so in pathological situations , when serum 
bile salt levels are high . Thi s  suggests that drugs , which are 
normally to a large extent taken up by the liver , have to be 
admini stered carefully in patients with biliary obstruction , 
even when these drugs are not excreted in the bile . 
Under normal physiological circumstances in rats , bile 
salts originating from the enterohepatic circulation , stimulate 




The l iver has many function , such as 
- uptake , storage , biotransformation and excretion of endogenous 
and exogenous compounds ( 1 ,  2 ,  3 )  
- formation o f  bile 
the anabolism and catabolism of naturally occurring substrates 
Hepatic function is essential for disposal of drugs and 
toxic agents . Compounds , taken up from the bloodstream into the 
liver can subsequently be metabolized , excreted in bile or 
transported back to the blood . Interference with one of these 
steps may have pharmacological consequences .  In this thesis the 
effect of changes in a bile salt induced , bi le f low on the 
hepatic transport of drugs is investigated . 
Anatomy and physiology of the live P 
The liver receives venous blood from the i ntestinal tract 
via the hepatic portal vein and a smaller volume of arterial 
b lood via the hepatic arte ry . Both these b lood vesse ls de liver 
thei r  contents to the hepatic sinusoids . ( Fig . 1 ) . The organ i s  
drained b y  the hepatic veins , which run into the inferior vena 
cava . Orally ingested substances such as nutrients , drugs and 
other substances must pass the liver be fore reaching the general 
circulation , because the blood circulation of the l iver is 
situated between the intestinal tract and the general circulation 
The live r  is composed of various cell types ,  arranged in 
plates or laminae , that are interconnected to form a continuous 
three-dimensional lattice . The various cell types , schematically 
presented in Fig . 1 are : a.  parenchymal cells or hepatocytes ,  
which comprise about 83  i (v/w) of the liver cells (4) and are 
involved in most of the hepatic functions mentioned above ; b .  
Kuppfer cells , with phagocytotic prope rties ; c .  reticule-endo­
thelial cells , which form the wall of the sinusoids and d .  fat 
storing cells . 
Primary bile is formed by the parenchymal cells and 
9 
excreted into the bile canaliculi , which are formed in between 
the parenchymal cells ( Fig . 1 ) .  The se bile canaliculi form a 
three-dimensional network and finally end up in the bi le 
ductules . 
The parenchymal cells are in open contact with the sinusoids 
through fenestrae in the sinusoidal walls and can take up 
various compounds from the blood stream . Consequently , the 
composition of the b lood is continuously changing during 
passage through the sinusoids . The consequitive cells bordering 
the sinusoids are unequally supplied with nutrients , oxygen , 
endogenous and exogenous compounds , which may cause hetero­
geneity in the function of these cells . This heterogeneity is 
observed in some metabolic functions ( 6 ) ;  evidence for hetero-
1 0  
Fig. 1. Diagrammatic illustration o f  the three-dimensional 
structure of the hepatic lobule as described by Muto (5) . CV 
central ve i n ;  KC Kupfercell; FSC fat-storing cel l ; B bile 
canaliculus; E endothelial cel l ; S sinusoid; L large fenestrat­
ions ; SP sieve plate of small fenestrations; A anastomosing 
branch of a sinusoid: HA hepatic artery: PV portal vei n ;  BD 
bile duct. 
geneity concerning formation of bile or drug disposition is 
scarce or absent ( 7 ,  8 ) .  
Transport, storage and biotrans fo1"111ation o f  compounds 
The liver plays a central role in pharmacokinetic s ,  since 
most drugs are taken up by thi s  organ . The rate of hepatic 
uptake is one of the factors determining the plasma concentrat­
ion of the drug and this process may therefore be an important 
factor in determining the duration of action of drugs . 
The mechanisms responsible for the hepatic uptake of drugs 
into the parenchymal cells are not well known . For the uptake 
of highly polar compounds , carrier proteins in the cell  mem­
branes are supposed to be required ( 9 ,  1 0 , 1 1 ,  1 2 ,  1 3 ,  1 4 ) . 
Once inside the hepatocyte several processes may play a role in 
the disposal of the drug . Drugs can be transported in an 
unchanged form or can be metabolized by special enzyme systems . 
The parent compound or the metabolites formed can be bound to 
intracel lu lar binding sites , transported i nto the bile or 
transported back into the blood stream . The intrace l lular 
binding sites are located on the cytosolic proteins , the so 
called X, Y ( ligandin) and Z proteins ( 1 5 )  and cell  organe l les 
(endoplasmic reticulum , mitochondria , lysosomes , nuclei ) . Some 
compounds have a high binding affinity for ligandin or arylglu­
tathion transferase B ( 16 )  and this also applies to compounds 
which are not conjugated with g lutathion . The cell  organelles 
are supposed to have a high binding capacity for some drugs ( 1 7 ,  
1 8 )  . Very l ittle is known concerning the transport processes for 
drugs from the hepatocyte back to plasma . It is uncertain 
whether carrier mediated processes or more s imple diffusion 
processes are involved . 
Drugs transported from the plasma into the b i le are 
classified in three groups ( 1 9 ) : a .  drugs which are very poorly 
excreted in bile ( 20) ; b .  drugs with a plasma-bi le concentration 
gradient of about 1 (mannitol , e rythrito l )  and which enter the 
bi le by a passive process ; c .  drugs which are excreted in bile 
with a plasma-b i le concentration ratio > 1 ,  for instance BSP 
1 1  
( 2 1 ) , PAEB ( 2 2 )  and d-tubocurarine (23 )  and for which active 
transport processes are possibly involved . Smith et a l .  ( 2 4 )  
concluded , that a threshold for biliary excretion o f  drugs 
exists , re lated to the molecular weight of that drug ( about 300 
for organic anions in the rat) . Not all  drugs share the same 
transport mechanisms ; separate hepatic transport mechanisms for 
organic cations , organic anions and neutral compounds have been 
proposed (25 ) . Furthermore differentiation is required for the 
mechanisms within the groups of organi c  anions ( 26 )  and organic 
cations ( 1 ) . These particular chemical classifications should be 
used with caution , s ince the net charge of drugs depends on the 
biological environment ( pH ,  ion pair binding , complex formation ) 
and pK of the drug . 
With regard to drug metabolism ,  the l iver is involved in 
various biotransformations : drugs can be metabolized into 
pharmacologically inactive compounds ,  and inactive compounds can 
be converted into active compounds .  Modi fication of hepatic drug 
metabolism can have important therapeutica l  consequences ( 27 ) . 
Modifications of hepatic transport of drugs may a lso have 
pharmacological and toxicological consequences . Faci litation of 
the removal of (hepato) -toxic compounds from the liver into bile 
could have therapeutical implications . Furthermore , manipulation 
of the rate of biliary excretion could theoretically be used to 
change the duration of action of those drugs of which e limination 
is largely dependent on biliary excretion. Only a few cases of 
modification of the hepatic transport process have been reported 
so far . Enzyme inducing agents , l ike phenobarbita l ,  stimulate 
bi liary excretion of some non-metabolized drugs ( 28 ,  2 9 ) . 
Concerning the effect of changes in b i le flow on biliary 
excretion of drugs , conflicting data have been reported . Bile 
salt administration to induce an enhanced bile flow , has led to 
contradictory results . It has stimu lated ( 30 , 3 1 ) , inhibited 
( 32 ,  3 3 ) , or produced no effect ( 3 4 ,  3 5 )  on the hepatic transport 
of drugs . This conflict the n ,  prompted us to investigate what 
the precise i nfluence of an enhanced bile flow on biliary 
excretion of drugs was . 
12 
Formation of bile 
After bile i s  secreted into the bile canalicul i , it flows 
into the bile duct , and where no gallbl adder is present , as in 
the rat , the bile is excreted di�ectly into the intestinal tract . 
Part of the biliary constituents such as bile salts , 
phospholipids , cholesterol and proteins are present in bile in 
polymolecular aggregates ,  the biliary micelles (36). These 
micelles are heterogenous in size and compos ition and function 
to solubilize water-insoluble compounds in bile (37). Bile salts , 
having amphiphilic prope rties , can form micelles on their own , i f  
their concentration exceeds a critical value (37). 
At least two different anatomical sites are involved in 
the bile fluid formation . First, the bile canaliculi , where the 
primary bile is formed and second , the bile ducts , where 
secretion or reabsorbtion of some biliary constituents occurs . 
Ductular modification of bile flow can be neglected in rats (38). 
The canalicular bile flow can be determined by measuring the 
biliary clearance of mannitol ( erythritol)  (39, 40 ) . Canalicular 
bile consists of two fractions , which are called the bile salt 
dependent fraction and the bile salt independent fraction . The 
bile salt dependent fraction is generated by a secretion of bile 
salts in the canaliculi , resulting in water transport due to the 
osmotic activity of bile salts . Drugs , excreted in bile , also 
have a potency to stimulate bile production by the ir osmotic 
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Fig. 2. Schematic presentation of factors , which may influence 
bile fluid formation; b . s . i . f .  bile salt independent fraction; 
b . s . d . f .  bile salt dependent fraction; e . h.c . enterohepatic 
circulation . 
13 
fraction is assumed to be related to sodium transport mediated 
by the canalicular membrane bound sodium-potassium ATPase . 
However , obj ection� against this theory exist ( 4 1 , 42) . Other 
factors may possibl�' affect b i le production , such as cholinergic 
and adrenergic nervous influences , cyclic AMP , but the results 
are as yet uncertain . A scheme of factors (possibly) influencing 
bile production is presented in Fig . 2. The data are derived 
from recent reviews concerning the physiology and pharmacology 
of bi le fluid formation ( 43-46 ) . 
As indicated above an enhanced bile flow in rats can be 
induced by stimulation of the bi le salt dependent fraction , 
stimulation of the bile salt independent fraction or an osmotic 
choleresi s .  Stimulation of the bile salt dependent fraction can 
be induced by exogenous bile salt administration or manipulation 
of the bile salt synthesi s , both of which are used in these 
studies . 
After bi le salts are transported into the inte stinal tract , 
they are reabsorbed from the smal l  intestine into the blood and 
carried to the liver via the hepatic portal circulation . The 
bi le salts are normal ly cleared from the blood with a high 
e fficiency and again excreted into bile , resulting in an entero­
hepatic circulation . It is not known if the normally circulating 
bi le salts have any effect on hepatic functions such as metabo­
lism and transport of drugs . It is possible , that e ffects of 
bile salts on hepatic transport could we l l  be expected especially 
in pathological situations , for instance hepatites or choles­
tasis , when high serum bi le salt levels occur ( 4 7 ) . Therefore , 
the second aim of thi s  study is an investigation of the influence 
of bile salts on hepatic transport of drugs . Variations in bile 
salt supply were caused by exogenous administration of bile 
salts , interruption of the enterohepatic circulation or 
variations in hepatic bile salt synthesis . 
The anabolic and catab olic function 
The biochemical synthe sis and breakdown of many compounds 
is regulated in the liver ( glycogeen , fatty acids , amino acids ) . 
14 
The synthesis of bile salts involves the formation of cholesterol 
from acetyl CoA with the rate limiting enzyme hydroxymethylglu­
taryl CoA reductase . Choleste rol is subsequently converted into 
the bile salts chelate and chenodeoxycholate via the common 
intermediate 7 a-hydroxy-cholest-4-en-3-one ( Fig . 3 )  ( 48 ,  4 9 )  
Other , secondary bile salts , such a s  deoxycholate and l itho­
cholate , are formed by intestinal microorganisms . 
"' rAL _,._ "' � "' �-"'·· w HO�h'"' HO� - O�-h'< 0 OH 
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Fig . 3. Biosynthesis of the bile acids chenodeoxycholate and 
chelate with cholesterol as precursor. 
COOH 
The following chapter discusses and summarizes the results of  
the investigations concerning the two points raised above , that 
i s  
the influence of a n  enhanced bile f low on biliary excretion o f  
drugs , 
the influence of bile salts on hepatic transport 
The experiments investigating these two points are described in 


























Fig . 4 .  Structural formulae of the drugs used . 
INFLUENCE OF BILE SALTS ON BILIARY EXCRETION AND BILIARY MICELLE BINDING OF SOME ORUGS 
I amount drug ("moles/kg) 
ouabain 0.29 
K·strophanthos ide 0.29 
APA EB 35.3 
dTc 4.2 
!CG 12.9 
DBSP i 150 PG 200 
Rose Bengal I 12.9 I 
INFLUENCE CHOLERET!CS 
taurocho 1 ate dehydrocho l •t• 



















Table I .  Effect of bile salt administration (106 µmoles/h of 
taurocholate or dehydrocholatel on biliary excretion of various 
drugs and the bil iary mice lle binding of some of those drugs. 
RESULTS AND DISCUSSION 
1 .  Effect of bi le salts on the bi liary excretion o f  d.X'ugs 
The first series of experiments were concerned with the 
influence of an enhanced bile production on biliary excretion of 
various drugs in i ntact rats . The bile salts taurocholate and 
dehydrocholate were used to enhance bile flow . The mean increase 
in bile f low during administration of 1 06 µmoles/h of tauro­
cholate or dehydrocholate was 60 % and 1 3 7  % respectively. Bile , 
obtained after afministration of both bile salts , was analyzed 
( Supplement VI) . The total bile salt output during taurocholate 
and dehydrocholate administration was 10 1 and 108 µmoles/h 
respectively , whereas in control experiments 10 µmoles/h of bile 
salts was excreted . Taurocholate was excreted i n  bile in an 
unchanged form , while dehydrocholate was metabolized prior to 
biliary excretion . These metabolites were identified as mono­
hydroxy , dihydroxy and trihydroxy steroid compounds by combined 
gaschromatography-mass spectrometry ( Supplement VI) . 
The biliary excretion of the following compounds was studied 
two neutral compounds - the cardiac glycosides ouabain and 
K-strophanthos ide ; two organic cations - d-tubocurarine and 
acetylated procainamide ethobromide ; and four organic anions -
indocyanine green , S-D-phenolphthalein g lucuronide , rose bengal 
and dibromosulphthalein ( structural formulae Fig . 4 ) . These 
compounds were chosen as they are not noticeably metabolized in 
rats . Thi s  considerably facilitates the interpretation of these 
studies . 
The influence of taurocholate or dehydrocholate induced 
choleresis , on the b i liary excretion of the above-cited compounds 
is presented in Table I and described in detail in the Supple­
ments I-IV. No uniform effect of choleresis was observed whereas 
the biliary excretion of ouabain , K-strophanthoside , d-tubo­
curarine , acetylated procaineamide ( APAEB) and S-D-phenolphtha­
lein glucuronide was not stimulated by bile salt administration , 
that of indocyanine green ( ICG) , rose bengal and dibromosulph­
thalein ( DBSP) was markedly increased . To e lucidate the di ffe-
17 
rences between the choleresis e ffect on the biliary excretion of 
these drugs , first the stimulatory e ffect of bile salts was 
analyzed . 
The following hypotheses have been advanced to explain the 
stimulatory e ffect of bile salt induced choleresis on the net 
transport of drugs from liver to bi le : 
1 .  the biliary excretion of a particular drug i s  bile f low 
dependent ( 30) ( choleretic e ffect)  
2 .  the biliary excretion of a particular drug is regulated by 
specific bile salt e ffects . These e ffects are supposed to be 
either ( 2a) direct effects of bile salts on the canalicu lar 
transport process (50) .  ( canalicu lar membrane e ffect )  or , 
( 2b) are suggested to be due to biliary micelle formation by 
bile salts , leading to increased binding of the particular 
drugs in bile (mice l lar sequestration ) ( 5 1 , 52).  In contrast 
to hypothesis 1 ,  the stimulatory e f fect is not necessari ly 
related to bi le f low in hypothesis 2 .  
The experimental techniques ,  used to test the above mentioned 
hypotheses were : 
a .  determination of the extent of micellar binding of drugs in 
re lation to the e ffect of bi le salts on their biliary 
excretion ( Supplements I ,  I I , I I I , I V ,  VI) 
b. manipulation of bile flow by various bile salts , both in 
intact rats and in isolate d ,  perfused rat l iver experiments 
(VI) 
c .  manipulation of bile flow by using non-bile salt choleretics 
(VI) again both in intact rats and in isolated perfused 
rat liver experiments 
d .  i solated hepatocyte suspensions , used to study possible 
membrane effects of bile salts on the transport systems 
without having any bile flow e ffect of b i le salts (V) 
e .  variations in bile f low , resulting from the circadian rhythm 
and food deprivation in freely moving unanesthetized rats 
( VI I ,  VI I I ) .  
a .  Micellar binding of drugs in relation t o  their biliary 
excretion was investigate d .  In Supplement I ,  it is shown that 
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the stimulation of biliary ICG excretion by taurocholate i s  more 
pronounced than that caused by dehydrocholate , despite the 
higher choleresis induced by the latter bile salt . The same 
phenomenon was observed with rose bengal ( unpublished results ; 
5 3 ) . Taurodeoxycholate , which only very slightly stimulated bi le 
flow , increased biliary excre tion of rose bengal more than 
dehydrocholate did .  
Because administration o f  taurocholate and taurodeoxycholate 
also stimulate biliary micelle formation , whereas dehydrocholate , 
for instance , is much less potent in doing so ( VI ) , micelle 
binding of drugs was also studied . This was performed by u ltra­
centrifugation of the bile , containing the drugs under study . I n  
Supplement I I  the binding o f  three organi c  anions : dibromosulph­
thale in , ICG and S-D-phenolphthale inglucuronide was studied . In  
Supplements I I I , IV and VI more quantitative studies investigat­
ing the binding of the two cardiac g lycosides ouabain and 
K-strophanthoside , the organic cations APAEB and d-tubocurarine 
and the organic anion DBSP , were made . The relative binding of 
these drugs to biliary mice lles , after 1 7  h of centrifugation , 
i s  presented in Table I .  It can be concluded , that no obvious 
corre lation between the extent of biliary micelle binding and 
stimulation of bi liary output is present . 
b .  The e ffect of a choleresis , induced by various bi le salts , on 
biliary excretion of dibromosulphthalein ( DBSP)  , i s  described in 
Supplement VI . The influence of seven different bile salts was 
inves tigated in vivo . A high correl ation (r = 0 . 97 )  between bile 
f low and the maximal biliary transport maximum of DBSP was found 
in these experiments . Taurodeoxycholate , which only very slightly 
stimulated bile f low , did not influence the biliary excretion of 
DBS P .  Biliary output of DBSP under the influence of taurocholate 
and dehydrocholate was not related to the b i le salt output per 
se . 
c .  The e ffect of a choleresis , induced by non bile salt cholere­
tic s ,  on biliary excretion of DBSP is described in Supplement VI . 
The administration of ouabain , which i s  excreted in bile in an 
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unchanged form (54), caused an increase i n  bi liary DBSP excretion . 
The administration of ethacryn i c  acid and theophylline , both of 
which are excreted in bile as organi c  anions ( 5 5 , 56) did not 
stimulate DBSO output . It  was also found that DBSP and 1 4c­
ethacrynic acid inhibit each other during their biliary excretion , 
whereas DBSP does not influence taurocholate excretion . Thus , 
when choleresis i s  induced by anionic ,  non-bile salt choleretics , 
the possible stimulatory e ffects of an enhanced bile flow may be 
masked by competitive inhibition . 
d .  Isolated hepatocyte suspensions were used , to study the 
influence of bile salts on uptake and release of some compounds 
and the results are described in Supplement V .  In i solated 
hepatocytes ,  possible canalicular membrane effects of bile salts 
should still be present , whereas choleretic e ffects of bile 
salts are absent . The isolated hepatocytes were shown to be 
capable of taking up and releasing compounds . The release 
process showed transport characteristics comparable with those 
of the biliary excretion process in vivo experiments (V)  . 
Taurocholate , which was added to the incubation medium in 
a concentration of 1 . 0  mM, did not affect the release of DBSP , 
ICG and acetylated procainamide e thobromide from the cells . This 
result does not support the contention that bile salt e ffects on 
the canalicular membrane play a maj or role in the stimulatory 
e ffect on the bi liary excretion of dyes . 
e .  The variations in bile flow , resulting from the influence of 
food deprivation and circadian variation , were also used to 
s tudy the biliary excretion of DBSP . The results are given in 
Supplements VII and VII I .  Biliary excretion of DBSP was measured 
at two different times of the day - night cycle ; at 0 . 00 h when 
the bile flow was at its maximum and at 1 2 . 00 h ,  when bile flow 
was at its minimum . DBSP excretion was also s tudied after a 48 h 
of fasting at 1 2 . 00 h ,  when bile flow was minima l .  It was found 
that DBSP excretion was highest in the periods of maximal bile 
flow , which confirmed the hypothesis that biliary DBSP excretion 
is dependent on bile flow and/or bile salt output . 
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The results described above lead to the conclusion that the 
nature of the stimulatory e ffect of bile salts depends on the 
dye used : biliary DBSP excretion is a bile flow dependent process 
whereas the biliary excretion of indocyanine green and rose 
bengal is not . Furthermore , bili ary micelle binding was not 
found to be a pertinent factor in the biliary excretion process . 
This i s  in agreement with the recent studies of Delage et al . 
(57) .  
At present no  definite explanation for the differences in 
e ffect of bile salts on biliary excretion of DBSP and indocyanine 
green or rose bengal can be given . However ,  the following 
speculations may be made: 
- not all  compounds are transported by the same type of hepato­
cytes ( hete rogeneity in transport function of hepatocytes , 
see page 1 0 )  . I f  this is the case then the pattern of inter­
action of bile salts and drugs is also influenced by their 
respective distribution within the liver lobule . 
- in contrast to DBSP , large amounts of compounds such as ICG , 
rose bengal may precipitate in the biliary compartments 
exogenously administered bile salts prevent the precipitation 
of such compounds . Such a mechanism was proposed for the 
reduction of the cholestatic e ffects of lithocholate by 
concomittant infusion of taurocholate (58 , 59) . 
The correlation between bile flow and biliary excretion of 
DBSP , observed in our studies during bile salt induced choleresis 
ouabain induced cholere sis and c ircadian variations in bile flow 
and also the lack of effect of bile salts on the release of DBSP 
in isolated hepatocytes are in line with the hypothesis of a 
bile flow dependent mechanism put forward by others ( 3 0 ,  3 1 , 6 0 ,  
6 1 , 62 ) . The discrepancy i n  the data , which invalidates the 
concept of a bile flow dependent mechanism ( 5 1 , 52 , 63 , 64 , 6 5 )  
i s  discussed in Supplement VI . 
One of the mechanisms , underlying the bile flow dependent , 
biliary excretion process , extensively discussed in Supplement 
VI , may be a reduced reversed transport of drugs from bile by 
choleresis . Consequently , if this reversed transport from bile 
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is absent , no e ffect of choleresis on biliary excretion of drugs 
can be expected .  This may in fact occur with ouabain ,  K-strophan­
thoside , 8-D-phenolphthalein glucuronide and a number of organic 
cations : d-tubocurarine , procainamide ethobromide ( PAEB) , and 
deptropine methobromide . As shown in Table I and Supplements I I , 
I I I , IV the biliary excretion of all  these compounds is not 
stimulated by choleresis . For APAEB another explanation for the 
lack of e ffect of the choleresis was found . Pharmacokinetic 
studies of equimolar doses of PAEB and APAEB suggest that the 
hepatic uptake of APAEB is the rate limiting step in the hepatic 
transport process . This could also explain the absence of 
e ffect of choleresis on its biliary excretion . Further studies 
have to be performed , however , before a defin ite mode l can be 
formulated for the interactions of drugs and bile salts in the 
bi liary excretion proces s .  
2 .  Effect of bi le salts on the hepatic uptake of drugs 
It was found (V) , that addition of taurocholate ( 1 . 0  mM) to 
an incubation medium containing isolated hepatocytes ,  inhibits 
cel lular uptake of some drugs which have large ly different 
chemical structures . This inhibition occurred with two organic 
anions ( IC G  and DBSP)  and an organic cation ( APAEB) . If we 
assume , that organic cations and organic anions are not trans­
ported by the same carrier ( 2 5 ) , thi s  suggests that thi s  e ffect 
is not due to simple competition phenomena. The nature of the 
inhibitory effect is discussed in Supplement V .  The inhibition 
of hepatic uptake of APAEB is not complete , in contrast to the 
uptake of DBSP . This suggests two different driving forces for 
the hepatic uptake of APAEB , one of which can be inhibited by 
bile salts . Schanker (66 )  also proposed two simultaneous ly 
operating mechanisms for the hepatic uptake of APAEB . 
The inhibitory e ffects of bile salts was also observed in 
vivo ( IV)  and in isolated , perfused rat l iver experiments ( I V ,  
VI ) . In isolated , perfused rat livers high doses of bile salts 
retarded the disappearance of DBSP from the medium .  Simultaneous­
ly the s lope of the bi liary excretion curve remained simi lar , 
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indicating that the biliary excretion process was not affected 
(VI ) . The concentration of taurocholate which causes inhibition 
in isolated , perfused rat l iver experiments , was in the same 
order as observed in experiments with i solated hepatocytes (V )  . 
Inhibitory e ffects of bile salts on the pharmacokinetics 
of the organic cation d-tubocurarine were also observed ( IV ) . 
High doses of dehydrocholate inhibited hepatic uptake of d-tubo­
curarine . Thi s  caused a retarded plasma disappearance , higher 
plasma levels and an increased renal excretion of d-tubocurarine 
( IV ) . Such increased plasma leve ls of d-tubocurarine may also 
cause a prolonged duration of action of the neuromuscular 
b locking agent . Recently it was reported by Somogyi ( 6 7 )  that , 
in patients with biliary obstruction , the duration of action of 
pancuronium was prolonged . Westra et al . in our laboratory 
observed the same phenomena with pancuronium and gallamine in 
the cat ( unpublished observations ) .  Thus , bile salts may change 
the pharmacokinetics of some drugs which are normal ly taken up 
by the liver . These studies suggest that in pathological 
situations with high bi le salt serum leve ls ,  for instance , 
cholestasi s  (47 ) and bi l iary obstruction , a deviating pharmaco­
kinetic and pharmacotherapeutic behaviour of some (polar?) drugs 
can be expecte d .  Thi s  may apply to those drugs , which are 
normally to a l arge extent taken up by the liver , such as drugs 
undergoing " first pas s "  hepatic clearance , including drugs which 
are poorly excreted into bile . I f  our data can be extrapolated 
to the s ituation in man , administration of these drugs to the 
above mentioned types of patients has to be carefully monitore d .  
A study o n  pharmacokinetics of DBSP in patients with cholestasis 
is currently in progress (J . H . P .  Wilson , Erasmus University , 
Rotterdam) . 
The retarded plasma disappearance of BSP , DBSP or radio­
active labe l led bile salts , used for l iver function tests in 
hepatic failure ( 68 ,  69 , 70 , 7 1 )  may be caused by a deficient 
transport system . It may also be the result of high bile salt 
levels , which inhibit the hepatic transport systems . I t  i s  
unknown whether high bile salt leve l s  inhibit hepatic uptake o f  
endogenous compounds ( amino acids , sugars etc . ) .  
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3. Effe ats of bi le salts on intraae l lu lar b inding sites for drugs 
The third level of interaction between drugs and bile salts , 
may be the intracellular binding sites . Drugs taken up by the 
l iver are bound to cytosol proteins and presumably to cell 
organel les . I n  vitro , after homogenization in a buffer , conside­
rable amounts of drugs were found to be bound to cellular 
particles ( IV & VI ) . Theoretically , drugs can be displaced from 
their intracellu lar binding sites by bile salts . Contradictory 
results were reported: binding of BSP to cytosol proteins in 
vitro was affected by bile salt admin istration ( 72 )  , but binding 
of BSP (15) and !CG (7 3 )  to ligandin was not altered by bile 
salts . DBSP was only slightly disp laced from its binding to 
ligandin and Z protein after adding ten times as much tauro­
cholate (VI ) . It was reported ( 7 4 )  that bile salts reduce the so 
called storage capacity of bromosulphthale i n .  Thi s  is not 
necessarily a displacement of the bromosulphthalein from the 
intracel lu lar binding sites , but may also be caused by a reduced 
concentration ratio unbound drug in plasma/unbound drug in 
cytosol . I n  conclusion , displacement of drugs by bile salts from 
binding sites at cell organelles is a possibility and deserves 
more detailed investigation in the future . 
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Fig . 5 .  Schematic presentation of the various effects of bile 
salts on hepatic transport of drugs . 
4 .  Effect of bile sal ts originating fro m  the enterohepatic 
circulation 
As mentioned before , bile salts in relatively low concen­
trations may have stimulatory e ffects on the biliary excretion 
of drugs ; higher concentrations have inhibitory effects on 
hepatic uptake of drugs , whereas intracellular displacement by 
bile salts in the case of DBSP i s  probably of less importance . 
These possible interaction sites are schematically represented 
in Fig . 5. The e ffect of endogenous bile salts , originating 
from the enterohepatic circulation , on hepatic transport of 
drugs was investigated by studying the pharmacokinetics of DBSP 
in three groups of rats : animals with a permanent enterohepati c  
circulation of bile salts (permanent bi le fis tu la rats); animals 
where the enterohepatic circulation of bile salts was inter­
rupted for about one and a haif hours (acute bi le fis tu la rats ) ; 
and animals with a complete enterohepatic circulation of bile 
salts (non-bi le fis tu la rats )  (VI II ) . In the first two groups , 
both plasma disappearance and biliary excretion were measured , 
whereas in the third group only plasma disappearance could be 
determined. The primary hepatic clearance constant was not s igni­
ficantly different in the three groups of rats. This indicates 
that bile salts neither stimulate hepatic uptake of DBSP as 
suggested by others (75), nor inhibit hepatic uptake of DBSP . 
The normal bile salt level of the hepatic portal blood in rats 
is about 60 µM (76). According to our studies in isolated 
hepatocytes (V ) , this concentration would be expected to cause 
only a small inhibitory effect on the hepatic uptake of DBSP . 
The studies reported in Supplement V I I I  indicate that the 
transport maximum of biliary excretion of DBSP was close ly 
related to bile flow and/or bile salt outpu t .  This i s  consistent 
with the proposed , bile flow dependent hypothesis . Interruption 
of the enterohepatic circulation of bile salt results in a lower 
bile flow and decreased biliary excretion of DBSP. This suggests 
that , under physiological circumstances ,  bile salts have a 
function in facilitating the biliary transport of some drugs. 
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Some other topics , not directly related with the influence 
of bile salts on hepatic transport of drugs, are discussed in the 
Supplements: 
- micel lar binding of endogenous biliary compcnents (III, VI) 
- micellar binding of mannitol (III) 
- polarity of isolated hepatocytes (V) 
- e ffect of collagenase treatment on isolated hepatocytes (V) 
- c ircadian rhythm of bile flow, bile salt output and chelate/ 
chenodeoxycholate ratio i n  bile (VII) 
- relation between food intake and bile flow (VII) 
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The Influence of Taurocholate 
and Dehydrocholate Choleresis on Plasma Disappearance 
and Biliary Excretion of lndocyanine Green in the Rat 
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Summary. The pharmacokinetics of indocyanine green (ICG; 3.9 µ.moles/kg and 
12.9 µ.moles/kg) were investigated in rats given infusion of either saline, taurocholate 
(106 µ.moles/h) or dehydrocholate (106 or 268 µ.moles/h). During the infusion of 
saline and taurocholate the plasma concentration of ICG decreased in a mono-expo­
nential manner. However, with dehydrocholate the clearance of ICG from plasma 
showed two phases with different half lives. The half life of the rapid component 
(2.2 min) was about the same as the one found in the control experiments. 
After injection of 12.9 µ.moles/kg ICG the biliary excretion of the dye increased 
by 138% during taurocholate administration, while an equimolar dehydrocholate 
infusion resulted in a mean increament of 55°/0• Under these circumstances the bile 
flow was stimulated by 195% and 297% resp. 
With the lower dose of ICG (3.9 µ.moles/kg) however, there was no stimulation 
of the biliary ICG excretion with taurocholate. At this dose level an infusion of 
dehydrocholate (106 µ.mol/h) enchanced the biliary output of ICG by approximately 
54Dfo, while administration of268 µ.mol/h resulted in a slight but significant decrease 
of 31 Dfo. 
These observations can be explained by assuming interaction of the bile acids 
with the hepatic transport of ICG at different sites. The appearance of the second 
component of the plasma curve during dehydrocholate infusion is possibly related to 
a diminished hepatic storage capacity for ICG and is not due to an effect on the 
primary hepatic uptake or biliary output of the dye. 
Key words: Biliary Excretion - Choleresis - ICG - Hepatic Uptake Mecha­
nisms - Bile Acids - Dehydrocholic Acid. 
Indocyanine green (ICG, Fig. 1 )  is considered an excellent agent for 
studying hepatic function. (Fox et al., 1957 ; Wheeler et al., 1958 ; Ket­
terer, 1960). It is taken up exclusively by the liver and does not undergo 
enterohepatic circulation nor extra hepatic elimination. The dye is not 
metabolized and is excreted extensively in bile. (Wheeler et al., 1958 ; 
Cherrick et al., 1960 ; Hunton et al., 1960) . For these reasons it gained 
wide popularity for diagnosis of liver diseases, along with sulphobromo­
phthalein (BSP, Fig. 1 ) .  
It was demonstrated i n  earlier studies that BSP excretion i n  bile 
could be enhanced by infusion of certain bile acids (O'Maille et al., 1966 ; 
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Ritt and Combes, 1967 ; Boyer et al. ,  1970 ; Erlinger and Dumont, 1973 ; 
Forker, 1973). Winkler et al. ( 1970) studied the excretion of ICG in 
pigs during dehydrocholate and cholic acid choleresis and found only 
a slight stimulation of the biliary excretion of ICG by cholic acid. No 
further information is available concerning the influence of bile salt 
choleresis on the hepatic transport of the dye. Therefore it seemed of 
interest to include ICG in our investigations of the hepatic transport of 
various drugs. (Meijer et al. ,  1970, 1971 ,  1972).  
To induce choleresis, we used taurocholate, a natural bile constituent, 
which forms micelles in the bile and dehydrocholate, a semi-synthetic 
bile acid, which is metabolized in the liver. (Hardison, 1971 ; Gerolami, 
1972). Only one of its metabolites (5 °1o of the total number of moles) is 
able to form micelles. The present investigations was concerned with the 
influence of these choleretics on the pharmacokinetics of ICG. 
Materials and Methods 
a) Chemicals. ICG was obtained from Hynson, Westcott and Dunning, Inc., 
Baltimore U.S.A. 
Sodium dehydrocholate and sodium taurocholate were purchased from Fluka, 
A.G., Buchs, Switzerland. 
Solutions for infusion were prepared in saline (0.9% w/v NaCl) .  
b) Chemical Analysis. ICG in plasma and bile was estimated spectrophoto­
metrically. 
Plasma: blood samples were collected in heparinized tubes. After centrifugation 
(1700 g, 15 min) 100 µI of plasma were diluted with distilled_ water and the E 800 
was measured spectrophotometrically. The lowest concentration of ICG which 
could be detected reliably using this method was 3,9 µmoles/ml, its absorbance 
being more than three times the value of blank plasma. 
Bile : 25 µI was added to 25 µI 4°1o bovine serum albumin and diluted with 
distilled water ; the E 800 was measured. 
Neither dehydrocholate nor taurocholate interfered with the determination of 
ICG in plasma and bile. 
c) Experiments in Rats. Male Wistar rats (280-320 g), which had free access to 
food and water, were anesthetized with pentobarbital sodium 60 mg/kg i.p. and 
artificially respirated during the experiment. The temperature was maintained at 
37.5- 38.0° C with a heating lamp. The bile duct was cannulated with polyethylene 
tubing. The renal vessels were ligated to facilitate comparison with earlier BSP 
experiments (unpublished results). Bile was collected for 10 successive 10 min 
periods after starting the infusion. Blood pressure was monitored and blood samples 
were taken from the carotid artery. Infusions (3.8 ml/h) were given via the jugular 
vein by means of a Braun (Melsungen) constant infusion pump. Infusions were started 
when normal body temperature and blood pressure were established. Constant 
infusions of bile salts were preceded by a priming dose of 0.5 ml of the infusion 
solu�ion ; in this way, 40 min after starting the infusion, bile production was fairly 
constant. Neither a long-term change of blood pressure nor an enhanced hemolysis 
due to the infusion of bile acids could be detected. At t = 40 min a single injection 
of ICG was given via the penis vein. Up to six blood samples, each of 0.3 ml, were 
taken and fluid loss was compensated by injection of a similar volume of saline. 
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Results 
a) Plasma Concentrations of ICG. Disappearance of ICG from the 
plasma after a single injection of 12.9 µmoles/kg during infusion of saline, 
taurocholate ( 106 µmoles/h) and dehydrocholate ( 106 µmoles/h ;  
268 µmoles/h) is shown i n  Fig .2 .  The plasma concentration is plotted on 
a semi-logarithmic scale. In control experiments a straight line was ob­
tained, indicating a mono-exponential elimination with a t.1, of 2 .2 min 
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Fig. 2 a-d.  Plasma disappearance of ICG during an infusion of a .  saline (3.8 ml/h), 
b. taurocholate (106 µmoles/h), c. dehydrocholate (106 µmoles/h) and d. dehydro­
cholate (268 µmoles/h) after i.v. injection of ICG (12.9 µmoles/kg). Mean value of 
4 experiments ± s.e.m. 
Table 1 .  ICG excretion (nmoles/min/kg b.w.) and bile production (mg/min/kg b.w.) 
during infusion of saline, taurocholate ( 106 µmoles/h) and dehydrocholate ( 106; 
268 µmoles/h) after ICG injection (3.9 ; 12.9 µmoles/kg). Mean value of six periods 
of 10 min after ICG injection. The ICG excretion and bile production during bile 
salt infusions are compared with the ICG excretion and bile production during 
saline infusion ; in each c:>se the stimulation c.q. inhibition is given 
Infusion ICG 3.9 µmoles/kg ICG 12.9 µmoles/kg 
ICG excretion Bile production ICG excretion Bile production 
Saline 32 63 50 40 
Taurocholate 30 80 1 18  118  
106 µmoles/h - 6% + 27% + 138% + 195% 
Dehydrocholate 50 140 78 159 
106 µmoles/h + 56% + 122% + 550/o + 297% 
Dehydrocholate 22 236 72 200 
268 µmoles/h - 31 °lo + 274% + 45% + 400% 
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Fig. 3 a and b. Biliary excretion of ICG during six periods after ICG injection of 
a, 3.9 µmoles/kg and b, 12.9 µmoles/kg during infusion of saline (3.8 ml/h}, 
taurocholate (106 µmoles/h) and dehydrocholate (106 ; 268 µmoles/h) .  As indicated 
in the figure ICG was injected 40 min after starting the infusion (see Methods). 
Mean value of 4 experiments ± s.e.m. *: significant deviating from controls. 
(P < 0.05, student t-test) 
(Fig. 2 a) .  Fifteen min after injection the concentration had fallen to a 
very low level. A similar pattern was reported earlier by Klaassen ( 1969) .  
During taurocholate infusion a very similar plasma curve was found 
with the same t.1, (2.2 min) . 
However during the infusion at low dehydrocholate concentration 
the plasma disappearance of ICG was not mono-exponential ; a second 
phase was present with a t.1, of 13 .5 min (Fig. 2 c) .  This second component 
was even more pronounced in the experiment using a dehydrocholate 
infusion of higher concentration (Fig. 2 d) (t.1, = 15.0 min) .  During this 
experiment the second phase was initiated at a higher plasma concen-
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tration. 'The half life of the first phase (2.2 min), found after correction 
for the second component, was similar to the half life found in the control 
experiments. 
b) Biliary Excretion of JOG. Under the same conditions as described 
under a) , biliary excretion of ICG during infusion of saline, dehydrocho­
late and taurocholate was investigated. Table 1 shows the results of the 
ICG excretion and bile production after ICG injection of 3.9 and 1 2.9 
µmoles/kg. When an injection of 12 .9 µmoles ICG/kg was given, tau­
rocholate caused the most pronounced stimulation of ICG excretion : 
138°1o (mean value of 6 periods of 10 min after injection). During the 
same collection time dehydrocholate administration enhanced biliary 
output of ICG to a smaller extend : 55 °lo during the infusion of 106 
µmoles/h and 45 °/0 during the infusion of 268 µmoles/h. 
Although the choleresis produced by taurocholate (stimulation 195°1o) 
was much smaller compared with that caused by an equimolar infusion of 
dehydrocholate (stimulation 297 °lo) , the stimulation of biliary ICG ex­
cretion was higher, indicating that the increase in biliary excretion was 
not related to bile fl.ow only. In agreement with this, it can be seen that 
the increase in choleresis produced by the higher infusion of dehydro­
cholate did not lead to a greater stimulation of the ICG excretion. 
(Table 1 ) .  
A different situation occurred when a dose of 3 .9  µmoles/kg ICG was 
tested. Here the infusion of taurocholate had no influence at all on biliary 
ICG excretion (Table 1 ) . An equimolar amount of dehydrocholate, the 
lower concentration 106 µmoles/h, caused a distinct increase in biliary 
output of ICG (56°1o). On the contrary, the higher dehydrocholate in­
fusion (268 µmoles/h) resulted in a slight but significant decrease in the 
excretion of ICG (31 °lo). 
Discussion 
Various pharmacokinetic models have been proposed for the hepatic 
elimination of drugs. Many studies have been based on plasma levels of 
BSP. The blood level of this dye may be described approximately by a 
bi-exponential equation as a function of time, with a rapid and a slower 
component. The simplest explanation for the disappearance pattern is a 
two compartment system with "run-off". (Richards, 1965). The primary 
rapid decline in plasma concentration is assumed to be due to a fast 
hepatic uptake and the slow component reflects the biliary excretion 
process after a steady-state is reached between the liver and the plasma 
compartments. When the storage capacity for a certain substance is high, it 
will take a long time to establish a steady-state between plasma and 
liver and the second component is initiated at a low plasma concentration. 
This is probably the case with ICG and consequently a mono-exponential 
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decline is found. A second component in the plasma curve which is below 
the detectable level could exist, because the concentrations after 1 2  min 
were higher than the blank value, but too low to be reliably detected. The 
appearance of a second component in the plasma disappearance curve of 
ICG at very low levels has been described by Hunton et al. ( 1960) and 
Hargreaves ( 1968). 
During dehydrocholate infusion, the half life of the first phase (2.2 min) 
was similar to the half life in the control experiment, indicating that the 
primary uptake of ICG in the liver is not affected by this bile salt. 
Paumgartner et al. ( 1969) reported that the bile salt glycocholate did 
not affect the uptake of ICG in the liver. Kelman-Sraer et al. (1973) 
found that in rabbits plasma disappearance of rose bengal is retarted by 
dehydrocholate. 
Under the influence of a dehydrocholate infusion a distinct second 
component in the plasma curve occurs with a half life of 13.5 min 
( 106 µmoles/h) and 15.0 min (268 µmoles/h). In the simplified pharmaco­
kinetic scheme mentioned above, the appearance of this second com­
ponent may be explained in two ways : 
a) by a diminution in the storage capacity of the liver, 
h) by inhibition of the biliary excretion. 
Inhibiton of the biliary excretion is not likely because during de­
hydrocholate infusion a stimulation of ICG excretion is found. (Table 1 ) .  
Therefore a diminished storage capacity for ICG during dehydrocholate 
infusion seems to be more probable. 
Competition of dehydrocholate with ICG for intracellular binding to 
specific proteins could lead to a quicker establishment of the steady­
state between the liver and the plasma compartments. This would be in 
agreement with the finding that the shift of the second phase to higher 
plasma levels of ICG, under the influence of dehydrocholate, is dependent 
on the dose of dehydrocholate. Andrews and Richards (1960) have found 
that taurocholate and dehydrocholate interfere with the binding of 
BSP by proteins in hepatic cytosol ; the same might apply to the ICG 
binding by these protein. 
Levi et al. (1969) showed that, after injection in vivo, ICG is bound to 
the socalled X and Y proteins of rat liver supernatant ; BSP on the other 
hand is mostly bound to Y and Z proteins. They found that taurocholate 
interferes with BSP binding to Z proteins only at very high concentration 
of the bile salt. No data on the influence of taurocholic acid or dehydro­
cholic acid on ICG binding to these proteins are available. Moreover it is 
not known to what extent the size of the X and Y protein pool accounts 
for the storage capacity for ICG. The lack of effect of taurocholate on the 
plasma disappearance curve of ICG might be due to the smaller affinity 
of taurocholate for the presumed ICG binding sites or to a lower concen-
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tration of taurocholate at the competion sites compared with dehydro­
cholate or to a highly stimulated biliary ICG excretion under the in­
fluence of taurocholate. However from this study we cannot draw any 
further conclusions. 
The effects of the bile salts on the biliary ICG excretion are much 
more difficult to explain. Pharmacokinetic interactions of drugs are 
difficult to interpret because interactions at various sites are possible. 
Regarding the effect of the choleretics on the biliary output of ICG, an 
interplay of at least four possible interactions should be considered : 
1 .  When the limiting factor on the maximal transfer of ICG from the 
liver into bile is the concentration of ICG in canalicular bile, an in­
creased canalicular bile flow rate would lead to an increased transport of 
ICG. 
2. During the administration of micelle-forming bile salts, biliary 
excretion of substances apt to be taken up in biliary micelles (Bickel and 
Minder, 1970) might be stimulated. 
3 .  Competition for excretion between ICG and the bile salt at ca­
nalicular sites. The outcome of this interaction depends both on the 
concentrations of the substances at the carrier sites and on the affinity 
for these carrier sites. 
4. Competition for binding sites in the liver. 
This implies that the final effect of choleretics on the biliary output of 
ICG might be the sum of stimulatory and inhibitory interactions. More­
over it is known that ICG inhibits the forming of the bile salt-independent 
fraction. (Horak et al. ,  1973) .  
Our results show that, at a dose of 12.9 µmoles/kg ICG, the biliary 
excretion of ICG is considerably stimulated by both taurocholate and 
dehydrocholate. The effect of taurocholate is much more pronounced 
than that of dehydrocholate in spite of the fact that dehydrocholate 
gives a much higher choleretic response. Thus, excretion rate cannot be 
determined by bile flow alone. According to the consideration mentioned 
above, the difference between taurocholate and dehydrocholate may be 
explained in two ways : 
1 .  The pronounced effect of taurocholate is related to its micelle 
forming ability. 
2. Compared with taurocholate, dehydrocholate has a higher affinity 
(Ks) for the transport sites and/or reaches higher concentrations (Sf Ks) 
in the vicinity of these sites. 
The presence of competition between bile salts and ICG for the carrier 
sites is further supported by the fact that an increased dehydrocholate 
dose (268 µmoles/h) does not result in a further increase in ICG excre­
tion. It was not possible to find a similar effect with taurocholate because 
higher concentrations of taurocholate were lethal. 
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Furthermore at the dose of 3.9 µmoles/kg ICG, the situation in which 
the competition for bile salts is more favourable, taurocholate has no 
influence and dehydrocholate (268 µmoles) even has a negative effect on 
the biliary output of the dye. 
At this moment the available information does not allow definite con­
clusions and further studies with subcellular components will be necessary 
to elucidate the possible interactions. 
Acknowledgement. We are greatly indebted to 1\Ir. E. Scholtens for technical 
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Summary. To investigate, whether binding to micelles has a function in hepatic 
transport, bil iary excretion of three organic anions, phenolphthalein-P-D-glucuronide 
(PG), dibromosulphthalein (DBSP) and indocyanine green (ICG) was studied in rats 
during saline, taurocholate or dehydrocholate administration . Taurocholate causes a 
weak choleresis with formation of bi! iary micelles, dehydrocholate a strong choleresis 
with l i ttle micelle formation. The two bile salts did not un iformly influence bil iar.v 
excretion of the organic anions : bi l iary excretion of ICG ( 12.9 µmoles/kg) and DBSl� 
(75.0 µmoles/kg) was stimulated by both bile salts : ICG excretion most pronounced 
by taurocholate and DBSP excretion most strongly by dehydrocholate. Biliary out­
put of PG (25.8 and 200 µmoles/kg) was not stimulatecl by bile salt administration. 
Binding of PG, DBSP and ICG to bil iary micelles was studied in sedimentation 
experiments by ultracentrifugation. PG, DBSP and lCG in bile showed a similar 
sedimentation pattern as 3H-taurocholate in bile, which indicates an association of 
all three anions with bil iary m icelles. 
Thus, the influence of b i le salts on bil iary transport of organic anions varies 
with the compound studied and the bile salt used, effects which cannot be explained 
by differences in binding to bi l iary m icelles. 
Key words: Bil iary Excretion - Choleresis - Organic Anions - Bile Acids. 
The influence of choleresis on bil iary excretion of drugs has been sub­
ject of many studies. Most authors agree that there is not a simple relation 
between stimulation of bile flow and stimulation of the biliary output of 
organic anions. Taurocholate, which promotes forming of bil iary micel les 
(Sperber, 1965) , stimulates biliary excretion of certain compounds more 
than agents which have been suggested to induce choleresis with little 
micelle formation like theophylline (Edinger and Dumont, 1973a),  cle­
hydrocholate (Hardison, 1971 ) ,  4-methylumbelliferone, SC 2644 (Cook 
et al. ,  1954) ,  hydrocortisone (Macarol et al. ,  1970). Therefore it was 
suggested, that binding to micelles may have a function i n  biliary ex-
Send of /print requests to : R. J. Vonk, Dept. Pharmacol. State University of 
Groningen, Bloemsingel 1,  Groningen, The Netherlands. 
* The previously published paper of Vonk et al. (1974) is regarded as paper I in 
this series. 
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cretion of drugs (Hardison and Apter, 1972 : Bill ing et al. ,  1973 : Gibson 
and Forker, 1974 : Vonk et al. , 1974) , though there may be more sites of 
interaction between the choleretic agent and the drug during hepatic 
transport. In most of these studies BSP was chosen as a representative of 
the organic anions. However, BSP is conjugated to a high extent with 
glutathione, which might complicate the i nterpretation of the i nter­
act ion data. Therefore, we have investigated the i nfluence of choleresis on 
biliary excretion of some other organic anions, which are not metabolized : 
phenolphthalein-f.1-n-glucuronide (PG) (Millburn et al . .  1967 : Mulder, 
1973) .  inclocyanine green (ICG) (Cherrick et al. , 1960 : Klaassen and Plaa 
1969) a nd dibromosnlphthalein (DBSP) (Javitt, 1964) .  These compounds 
are taken up by the l iver and excreted in bile to a large extent. 
The present investigations were concerned with the i nfluence of bile 
salt choleresis on the bil iary excretion of ICG, PG and DBSP and a pos­
sible role of micelles in this excretory process. 
lUaterials and lUethods 
Chem icals. The chemicals used were obtained from the following sources : 
ICG, DBSP : Hynson, Westcott and Dunning Inc., Baltimore, U.S.A. PG : Sigma 
Chem. Comp., ::it. Louis, U.S.A. sodium dehydrocholate and sodium taurocholate : 
Flnka A. G .. Buchs, Switzerland. 
3H-taurochol ic-acid : Xe\\ England Xuclear Inc . ,  Boston, U.S.A. 
PG. ICG and DB:::iP were dissolved in distilled water. the other chemicals in 
sal ine. 
Chemical Analysis. PG was determined hy the method described by l\Iulder 
( 197:3),  ICG according to the method described previously (Vonk et al., 1 974). DBSP 
was diluted with 0.1 N KaOH and measured spectrophotometrically at 580 nm. 
Radiochemical analyses were performed according to l\Ieijer et al. ( 1 972). 
Procedure in A nimals. l\Iale \\'istar rats (280 -320 g), which had free access to 
food and water, were anesthesized by an intra peritoneal injection of sodiumpento­
barbital (:Kembutal®) (60 mg/kg) and artificially respirated during the experiments. 
After mid l ine incision the renal pedicles were I igated and the bile duct was cannulat­
ed with polyethylene tubing. The body temperature, measured rectal ly, was kept 
between :�7.5 and 38.0° C by means of a heating lamp. Infusion (3.8 ml/h) were given 
via the j ugular vein by means of a Braun (l\Ielsungen, Germany) constant infusion 
pump. Infusions were started when the temperature of 37.5°C was establ ished. 
Constant infusions were preceded by a priming dose of 0.5 ml of the infusion so-
1 ution ; in this way 30 min after starting the infusion, bile production was fairly 
constant. At that moment a single injection of the dye was given via the same j ug­
ular vein. In some experiments blood pressure was measured in the carotid artery 
in order to check the general condit ion. Injection of the substances according to the 
procedure mentioned above. only sl ightly affected blood pressure during a few 
m inutes. 
Sedimentation of Biliary Jl!icelles. Bil iary micelles can be sedimented by l!ltra­
centrifugation· (Bickel and l\Iinder, 1 970). To study the association of organic anions 
with bi l iary m icelles, b ile and bi le  salt solutions containing the substances under 
study, were subjected to centrifugation in a Spinco u ltracentrifuge. Centrifugation 
was performed in the Ti 50 rotor with an adaptor at 45 000 RPM, ( 140000 gav) for 
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210 min at 20° C. In one type of experiments bil iary m icelles were labeled with 3H­
taurocholate, which was infused in vivo accord ing to the procedure mentioned nboYc. 
Bile was collected during up to 1 and 2 hrs after the injection of the compounds. For 
in vitro studies blank bile was obtained by col lection during 2 hrs. Sedimentation of 
the organic anions was studied in 5 different solutions : 
a) b ile containing the substances after their injection in vivo in a conrcntrnt ion 
of: ICG 0.6 ml\I, DBSP 6.5 ml\I and PG 8.5. ml\I, 
b) bi le containing the substances after their injection in rivo during a sinrnl ­
taneous constant infusion of 3H-taurocholate according to the procedure ment ioned 
above, 
c) bi le, in which such an amount of the substance was dissolved . that the eon­
centration of the in vivo situation was reached, 
d) aqueous taurocholate solution (53 ml\I, which is in the range of the ph�·siolog­
ical concentration), in which such an amount of the substance \\'US d issoh·ecl . that 
the concentration of the in vivo situation was reached, 
e) aqueous dehydrocholate solution (:35 ml\I, a concentration of dehyclrocholatc, 
which is reached in bi le assuming all dehydrocholate is excreted i n  bi le dur ing an 
infusion of 106 µmoles/h), in which the substance was dissolved to a concentration 
equal to the in vivo situation. 
The sedimentation pattern of 3H-taurocholate in bile is assumed to reflect 
the sedimentation pattern of bi] iary micelles, as it is known, that the major part of 
taurocholate in bile is associated with other bile salts, cholesterol and phosphol ipids 
to form macromolecular aggregates (Carey and Smal l ,  1972) .  After centrifugation 
different fractions were obtained by pipetting from the tube. 
Determination of Biliary Transport JlI axirnum (Tm) . An injection of the organic 
anion was given to the animal and the maximal bi l iary excretion rate was measured. 
The bil iary transport maximum (Tm, in µmoles/min/kg b. w.) is assumed to be 
reached, when the maximal bil iary excretion rate does not increase, when a higher 
dose of the organic anion is injected. In this case the b i l iary excretion rate is about 
the same in the second, third and fourth period after injection of DBSP and in the 
second and third period after injection of PG. With ICG no T,,, was determ ined ; I CC: 
was given in a rather low dose ( 12.9 µmoles/kg), because of the inhib itory effeets of 
ICG on bi le production (Horak et al.,  19n). 
Statistical Analysis. Statistical comparisons were made using Wilcoxon·R test. 
Unless specified otherwise, the term significant means a P value of l•·ss than O.Oli. 
Results 
A .  Etfect of Bile Salt Choleresis on Biliary Excretion of PG, DBSP and !CO 
In order to produce choleresis, an infusion of taurocholatc ( 1 06 µmoles/ 
h) and dehydrocholate ( 106 µmoles/h) was given , while an infusion ofaal inc 
served as the control . Mean bile production in a steady state was 60 µI/ 
min/kg b.  w. during saline, 100 µI/min/kg b .  w. during tarocholatc ad­
ministration and 150 µI/min/kg b.  w. during clehyclrocholate infusion. 
The effect of this choleresis on the biliary excretion of PG, DBSP and 
ICG was examined. 
Two doses of PG were used : 25.8 and 200 µmoles/kg. The results arc 
shown in Figs . 1 and 2 ,  respectively. With the lower dose of PG, biliary 
excretion of the substance was not significantly changed during bile salt 
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Fig. l .  Bil iary excretion o f  P G  during 90 m i n  after i .v.  injection of 25.8 µmoles/kg 
b.w. during infusion of saline. taurocholate ( 106 µmoles/h) and dehydrocholate 
( 106 µmoles/h).  l\IeanJ values ::::: S.E.M. * Significantly deviating from controls 
2400 
l 2000 





(!) 400 Q.. 
0 




'------ PG inJ 200 µmoles /kg 
dun ng infusion of 






Fig. 2. Bil iary excretion of PG during 90 min after i .v. injection of 200 µmoles/kg 
b.w. during infusion of saline, taurocholate ( 1 06 µmoles/h)  and dehydrocholate 
( 1 06 µmoles/h).  i\Iean values ± S.E.l\L * Significantly deviating from controls 
administration. At the close of 200 µ.moles PG/kg, Tm of PG is reached. 
Maximal Liliary excretion rate was calculated to be about 1 . 9  µmoles/ 
min/kg b. w. at a maximal biliary concentration of 23 mM, which is 
in accordance with data presented by Mulder ( 1973) . At the dose of 
200 µmoles/kg PG excretion was stimulated during bile salt infusion in 
the first period, which is possibly clue to a decrease of the biliary dead 
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:Fig. :3. Bil iary excretion of DBSP during 75 min after i.v. injection of 75 µmoles 
DBSP/kg b.w. during infusion of saline, taurocholate ( l Ou µmolcs/h), and dchydro­
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Fig. 4. Bil iary excretion of ICG during 60 min after injection of 1 2.!:J µmoles ICC/kg 
b.w. during infusion of saline, taurocholate ( 1Uu µmoles/h ) and dehydrocholatc 
( 106 µmoles/h).  l\Iean values ± S.E.l\L * Significantly deviatincr from controls 
ulation of PG excretion could be found : bil iary output of PG is even 
depressed in the latter four periods during dehydrocholate administration 
and in the latter 2 periods during taurocholate administration. 
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3 H-TC infusion 
+ onj. PG  
I N  V ITRO 
- cone PG(+bile) 
- cone PG(+ TC solution) 
- cone PG(+DHC solutJOn) 
Fig. 5 a -c. Sedimentation pattern after centrifugation of: (a) bile collected after 
injection of PG (100 µmoles/kg) during 90 min ; (b) bile collected after injection 
of PG ( 1 00 µmoles/kg) during 75 min, while 3H-taurocholate was administrated 
( lOli µmoles/h) ; (c) PG added to bile and solutions of taurocholate (53 ml\I) and 
dehydrocholate (35 m:\I) 
The maximal bilia1·y excretion rate for DBSP was 1 .9 µmoles/min/kg 
b. w. and maximal bil iary cone. was 22 mM. The observed DBSP Trn 
value exceeds that found by Klaassen and Plaa ( 1968) ( 1 .2 µmoles/min/kg 
b. w . ) . The influence of bile salt choleresis on biliary excretion of DBSP is 
i l lustrated in  Fig. 3 .  A stimulation of biliary output i s  found during bile 
salt administration, most pronounced in the first 20 min during dehydro­
cholate administration. 
Fig. 4 shows the biliary excretion of ICG. Taurocholate stimulates 
ICG output markedly in all periods examined : the influence of dehydro­
cholate administration was much less pronounced and only statistically 
significant in some of the periods. 
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TOP BOTTOM 
Fig. 6 a -c. Sedimentation pattern after centrifugation of: (a) bile tollectcd after 
injection of DBSP (50 µmoles/kg) during 90 m in ;  (b) bile col lected after injection 
of DBSP (50 µmoles/kg) during 75 min,  while 3H-taurocholate was administered 
(106 µmoles/h) ; (c) DBSP added to bile and solutions of taurocholate (:);{ mi\I) and 
dehydrocholate (35 mM) 
The results indicate tha1 the influence of bile salt administration on 
biliary output of organic anions varies with the compounds used : DBSP 
and ICG excretion is generally stimulated : PG excretion , however, is not 
affected and in some cases sl ightly depressed . 
B. Sedimentation of Bile With PG, DBSP and !CG in  vivo and in  vitro 
Bile and aqueous solutions of dehydrocholatc and taurocholatc 
containing PG, DBSP and ICG were centrifuged as described under 
materials and methods. Figs. 5-7 show the sedimentation patterns after 
centrifugation of PG, DBSP and ICG. The panels ' ·a" represent the 
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IN V I T RO 
- conc. ICG(+ bile) 
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- cone ICG(+OHC solution) 
.Fig. 7a-c. Sedimentation pattern after centrifugation of: (a) bile collected after in­
jection of ICG ( 1 2.H µmoles/kg) during 1 20 min ; bile collected after injection of ICG 
( 12.!:l µmoles/kg) during !:JO min, while 3H-taurocholate was administered 
( 1 06 µmoles/h ) ; (c)  ICG added to bile and solutions of taurocholate (53 ml\I) and 
dehydrocholate (35 mi\I) 
injection in vivo. Panels b show the sedimentation pattern of the organic  
anions in  bi le ,  obtained after their injection in vivo during a simultaneous 
infusion of 3H-taurocholate. In this case also the sedimentation pattern 
of 3H-taurocholate is measured. The sedimentation pattern of al l  three 
organic anions resembles that of taurocholate. Distribution of taurocho­
late is assumed to indicate the position of the b i liary micelles in the tubes. 
For all three compounds, the concentration differences along the centrif­
ugation tube were more pronounced in  normal bile than in  b i le obtained 
during taurocholate infusion . The panels c represent the sedimentation 
pattern after centrifugation of an aqueous taurocholate solution, an 
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aqueous dehydrocholate solution and normal bile to which PG, DBSP or 
ICG was added. Almost no sedimentation occurred in dehyclrocholate 
solutions and slight sedimentation occurred in the aqueous taurocholate 
solution. Ultra centrifugation of bile, to which the compounds were 
added in vitro and bile, obtained after injection of the organic anions in 
vivo, resulted in very similar sedimentation patterns. 
Discussion 
The study of the influence of choleresis on biliary excretion of organic 
compounds might be helpful in elucidating the mechanism of the biliary 
transport process. One of the most extensively studied compounds is 
bromosulphthalein (BSP). An increase in BSP Tm observed during bile 
salt choleresis has been described in the intact rat (Dhumeaux et al. , 
1970), the isolated rat liver perfusion (Boyer et al. , 1970), the dog (O'Mail­
le et al. ,  1966 ; Ritt and Combes, 1967) ,  and the sheep (Gron wall and 
Cornelius, 1970). Morris (1972), found that taurocholate elevates BSP 
Tm in dogs, whereas theophylline choleresis had no effect. Other authors 
(Edinger and Dumont, 1973 b ;  Barnhart and Combes, 1974 ; Gibson and 
Forker, 1974) also observed differences between the effect of taurocholate 
and other non-bile salt choleretics on BSP Tm. From these experiments 
it became evident, that stimulation of bile flow per se does not necessarily 
cause an increase in biliary excretion rate of BSP. Possibly an additional 
effect of taurocholate plays a role in this phenomenon. 
Taurocholate administration also increases biliary output of conju­
gates of iopanoic acid (contrast agent in cholecystography) (Berk et al. , 
1974),  thyroxine (Hillier, 1974) and bilirubin (Goresky et al. , 1974), 
(mainly glucuronides) ;  however, interactions at the level of biotrans­
formation in these studies can not be excluded. 
It is uncertain whether the stimulatory action found with taurocho­
late does also apply to other bile salts. Gibson and Forker (1974) could 
not find a reproducible increase of BSP Tm with dehydrocholate in dogs, 
and Bloomer et al. (1973) found an inhibition of bilirubin excretion in man 
during dehydrocholate choleresis. However, Berk et al. (1974) showed 
that both dehydrocholate and taurocholate stimulate biliary excretion of 
iopanoic acid conjugates, and O'Maille et al. ( 1966) described a stimula­
tory effect of taurocholate, but also of dehydrocholate and glycocholate on 
BSP T111• 
Furthermore the question arises, whether results obtained with BSP 
are also applicable to other organic anions. As BSP is metabolically 
altered during hepatic transport, and as Tm and choleretic properties 
for the parent compound and the glutathion-conjugate (BSP-GSH) have 
recently been shown to be different (Varga et al. ,  1974 ; Schulze and Czok, 
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1974),  separate determination of BSP and BSP-GSH is necessary to 
exclude complications due to influences on the conjugation reaction. 
To exclude influences of biotransformation, we have performed our 
experiments with DBSP, ICG and PG. The organic anions were given by 
single injection (see Materials and Methods).  The present study indicates, 
that the influence of bile salt administration on the biliary output of 
organic anions does not only depend on the particular bile salt used, but 
also on the organic anion studied. In the case of ICG and DBSP with 
both bile salts, a stimulation is found. PG excretion is not affected at all 
by both bile salts. In fact a significant inhibition is found during de­
hydrocholate infusion. This inhibition might be due to competition be­
tween clehyclrocholate and PG for a transport carrier or to non-specific 
effects of dehydrocholate. In the case of competition between PG and 
dehydrocholate, inhibition of PG excretion would be expected to be more 
pronounced at a lower dose of PG. The results of Fig. 1 do not support 
this idea. Our results are in contrast with those of other studies, where a 
stimulation of the biliary excretion of glucuronides by bile salt cholcresis 
was found (Berk et al. ,  1974 ; Goresky et al. ,  1974 ; Hillier, 1974). 
The following mechanisms have been proposed in order to explain an 
observed stimulation of biliary excretion of organic anions. 
1. Facilitation of the transport from liver into bile by allosteric inter­
actions at the supposed carrier sites in the canalicular membranes. This 
model was proposed by Forker and Gibson ( 1973) to explain an observed 
increase of BSP Tm by taurocholate. This hypothesis was also put for­
ward by Berk et al. ( 1974) explaining the interaction of iopanoic acid and 
bile salts. 
2. Stimulation of micelle formation inside the liver cell (Desai et al. ,  
1965 ; Swell e t  al. ,  1968) , binding of  the anions to the aggregates and sub­
sequent exocytoses of these aggregates into bile canaliculi. 
3. Binding of anions to micelles in the canaliculi with consequent 
lowering of the free concentration of the drug leading to diminished 
transfer of the drug from bile back into the liver. This would especially 
influence net biliary transport at high concentrations, when back dif­
fusion may be relatively important. 
Taurocholate is able to form micelles (Sperber, 1965). Infusion of 
taurocholate has been shown to increase biliary output of phospholipids 
and cholesterol (Hardison and Apter, 1972 ; Swell et al. , 1968), thus it 
seems reasonable to assume, that formation of mixed biliary micelles is 
stimulated. Dehydrocholate or its metabolites (Gerolami et al. , 1972 ; 
Soloway et al. ,  1973 ; Desjeux et al. , 1973) have a low tendency to form 
micelles and stimulate biliary excretion of phospholipids and cholesterol 
only very little (Hardison, 1971 ; Wheeler and King, 1972). 
so 
Our studies do not provide supporting evidence for a general al­
losteric-facilitated membrane transport, because biliary excretion of 
PG is not stimulated. Assuming allosteric interaction, it is difficult to 
imagine, that taurocholate would stimulate only DBSP and ICG, but not 
PG. 
Both, the second and third mechanism assume binding to micelles, a 
phenomenon, which could be experimentally confirmed in the present 
investigation. We used ultracentrifugation studies to examine binding of 
organic anions to biliary micelles, because ICG, which easily forms ag­
gregates, cannot pass dialysis membranes. The sedimentation patterns 
of the micelles are likely reflected in the 3H-taurocholate gradient. Ultra­
centrifugation of an aqueous taurocholate solution resulted in only slight 
concentration differences, while taurocholate in bile showed a very dis­
tinct sedimentation, which supports the assumption, that taurocholate is 
a marker of biliary micelles. Our study shows no differences in binding 
to biliary micelles of the organic anions. Although the nature of the 
binding to and/or incorporation into the biliary micelles remains to be 
investigated, it is clear that binding occurs readily, because extensive 
sedimentation of the organic anions in bile was observed after addition 
of the substances in vitro. vVe concluded, that the unequal stimulation 
of the organic anions by taurocholate cannot be explained by differences 
in micelle binding and evidently other factors must play a role. A facili­
tatory role in net biliary transport by binding to micelles in the hepato­
cytes and/or preventing reflux from bile to liver by binding in the canali­
culi as a sole explanation seems to be unlikely. The result of the present 
investigation further emphasizes, that the influence of bile salts on 
biliary transport of organic anions depends on the bile salt used and varies 
with the organic anion studied. 
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Choleresis and Hepatic Transport Mechanisms 
I I I .  Binding of Ouabain and K-Strophanthoside to Bil iary M icelles 
and Influence of Choleresis on Their Biliary Excretion 
R I  VON J... \ ll D \' \ "I DOOR1'. A H J  SC \ F  . •  11ul 11 K F M EIJ[R 
Dcp.irtmcnt of Pharm.tcolo1n. St .. uc Un1\ersll\ of Gronmg:cn. Blocmsrngcl I. Gronmgcn. The Nc1hcrl, tnd' 
Summary. To investigate binding of drugs to biliary 
micelles as a possible factor in the hepatic transport 
process. interaction of two uncharged compounds. 
3 H-ouabain and 3H-K-strophanthoside with biliary 
micelles was studied by ultracentrifugation of bile. 
The various bile acids normally present in rat bile 
were predominantly associated with cholesterol con­
taining micelles. but not to the same extent .  The 
tendency of the bile salts to be associated with mixed 
micelles was the greatest for conjugated chenodeoxy­
cholate, somewhat lower for conjugated deoxycholate 
and the least for conjugated cholate. The sedimentation 
patterns of the water-soluble cardiac glycos1des. added 
in vitro. indicated binding to mixed biliJry micelles 
as well as non-cholesterol containing micelles. Also 
mannitol. a drug used to estimate canalicular bile 
flow. was found to be associated with both categories 
of biliary micelles. 
In spite of the binding of cardiac glycosides to 
the micelles. admimstration of taurocholate. which 
promotes formation of biliary micelles, did not stimu­
late biliary output of both glycosides. Also administra­
tion of the choleretics dehydrocholate and ethacrynic 
acid failed to enhance biliary output of the glycos1des. 
These results indicate, that binding of drugs to 
biliary micelles diminishes the free concentration of 
drugs in bile and confirms earlier studies with organic 
anions that binding to biliary micelles is not a pertinent 
factor in the rate of biliary excretion. 
Key 1rord1 : Biliary excretion - Cardiac glycosides 
Choleresis - Bile acids - Bile micelles. 
I NTRODUCTION 
The mechanism by which bile acids influence hepatic 
transport of drugs still is unknown. Most studies in 
St'nd o/fprutl n•c1m•sts to R J Vonk at the above addrcs� 
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this field are dealing with the influence of choleret1c 
agents on the hepatic transport of orgamc .miom. 
In 1 966 O'Maille observed that infusion of bile acids 
stimulates biliary excretion of BSP. Sub;cquently. 
several authors described a stimulatory effect of bile 
acids on biliary output of organic amons ( Ritt and 
Combes. 1 967 : Boyer et JI . .  1 970 : Forker and Gibson. 
1 973 : Vonk et al.. 1 975). Several factors have been 
proposed to be responsible for this stimulating effect 
of bile salts : (a) an increa;ed bile flow (O'Maille et 
al . 1 966) :  (b) modification of the transport earners 
in the canalicular membranes ( Forker and Gibson. 
1 97 3 ) :  (c) an increased number of hcpatocytes. parti­
cipating in biliary transport of drugs (Goresky. 1 975) :  
(d) an enhanced biliar� micelle format10n ;11mulating 
biliary output of those drugs. which are included in 
biliary micelles ( Billing et al..  1 97 3 :  Gibson and 
Forker. 1 974). 
This study 1s concerned with the influence of 
choleretic agents on hepatic transport of 2 uncharged 
compounds. ouabdin and K-strophanthoside in re­
lation to the binding of both compounds to biliary 
micelles. 
MATE R I A LS A N D  M ETHODS 
Cht•mua/\· The chcm1cJ.ls used were obtained from the follm1,mg 
-;ources · 3 H-ou.1h.11n and 3H-K-strophJntho"i1de Ne\\ Engl.ind 
Nuclear Corp DreieichenhJm, GermJny: 14C·Mannitol Radio­
chemical Centre Amersham. Engl•nd : ouabam l g-Woph.mlhm) 
and K-strophanlhos1de:  Merck AG. Darm,tadt, Cierm.m) . de· 
h\ drochol.ttc (sodium) .ind t.wrocholJtc (!'lo<l 1um) Fluk.1 /\G. 
B0uch'i. S\\ 1l7CT)Jnd. cthJcrymc acid \\,l'i .l  gift from McrLk. Sharp & 
Dohme. Ha•rlem. The Netherlands. 
Chemicals injected mto the animals were di-;snlvcd m �hnc 
before adm1mstrJtion 
Rudmchi•mical Analrn'f ,jH-ouabain. JH-K·Slrophantho�tdc and 
14C-mannllol were estimated with a liquid scmtillat ion spectrometer 
(Nuclear Chicago Mark I I )  Plasma and bile samples were d">olved 
m tO ml of aquasol (New England Nuclear Corp . Boslon. Mass .. 
U S  A )  The samples \\Cre counted at an cffk1enc} of about 85"  .. 
for 1"'C and 35 "11 m case of 3H Quenching of each sample was 
corrected for by external standard1za11on. Analysis by thin layer 
chromaoography ( S1hcage l .  n-bu1anol-H20-me1hanol: 70: 1 0 : 20) 
md1cated that K-strophanthus1de was excreted m bile m the un­
changed form for more thJn 90 "0• which 1s in agreement with the 
resulls of Marzo cl al. ( 1 974). Ouabam 1s excreted in bole m the 
unchanged form ( Dulla et al . 1 963;  Kupferberg and Schanker. 
1%K) 
Dt•1t•rm11u111011 of Bile Sall\' mu/ Clwh•.w.·ro/ Bile salts and cholesterol 
were dctermmcd bj ga-.chromatograph) according to the methods 
dc-.cnbcd hv Roovcrs ct al ( 1 968) and Van Berge Henegouwcn 
et al ( 1 974) \\ Ith mmor mod1hLJt1onc;; 1\fter methyl.u1on the bile 
ac1dc;; were chromatographcd as 1hc1r tnfiuoroJcetale dcnvallves 
on a column of I ",. OV-2 1 0  on Cromosorb W-HP t00- 1 20 mesh 
and an.1ly'icd by fiJme 1omz.ttion m .1 PJckard-Bcckcr Model 4 1 9  
gaschrom.1togrJph. 
Pron tlun ;,, cmima/.o.: wo.1s performed Jceording: to Vonk ct al. 
( 1 975). Blood samples of abouo t 50 µI were oaken from the carotid 
.irtery and colk-ctcd in hcparinizcd capillary tubes (Sherwood. 
Med. ltul. Inc ..  St. Loui'i. U.S.A.).  The 'ubstanccs were mJectcd 
over a pcnod of 1 5  s to •1void a severe decrease of blood pressure. 
Stall.'illntl Anall'.Hs. Statis11cal comparisons were made using \V1l­
coxon te'\t Unlc'is <ipcc1fied 01herw1sc the term significant means 
a I' v.1luc of le" than 0 05 
RESU LTS A N D  DISCUSSION 
To �ediment biliary micelles. bile was centrifugated 
at 162000 g"'. for 1 7  h or 45 h at 20 C in a  Beckman 
L2-65B ultracentrifuge ( Rotor Ti 50). Centrifugation 
time was considerably longer than m our previous 
!>tudy ( Vonk et al . .  1 975). which allow� not only a 
qualitative. but also a quantitative estimation of 
binding lo cholesterol containing micelles. After 
centrifugation. the various fractions in the tube were 
separated by pipetting and subjected to gaschromato­
graphic analysis lo control sedimentation of bile 
acids and cholesterol. Figure I a and b represents the 
sedimentation pattern of bile acids and cholesterol 
after 1 7  h and 45 h of centrifugation respectively. 
The absence of cholesterol in the top fraction after 
centrifugation indicates absence of cholesterol con­
taining micelles (mixed micelles) in that fraction. 
The concentration of bile acids in this fraction there­
fore is regarded as the .. free .. bile acid concentration. 
The percentage of the substances bound to biliary 
micelles then could be calculated : C., � C1 x 1 00 " ,,. 
assuming that the free drug concentrati�n in al l  frac­
tions is the same. C., = concentration of the com­
pound in the tube at the beginning of the experiment: 
C1 = concentration of the compound in the upper 
fraction of the tube after centrifugation. The .. free .. 
concentration� and the percentages incorporated into 
biliary micelles of !>Ome compounds naturally present 
m rat bile. after 1 7  h and 45 h centrifugation. are 
presented in Table ! .  In spite of a complete removal 
of mixed micelles from the upper fraction after 1 7  h 
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Fig I Sed1mcnt.111on pJttern of (J)  bile sJlts and cholesterol after 
17 h of ccntrrfugatmn of normJI bole from female rats : (b) bile 
SJlts and cholesterol after 45 h of centnfugJllon of normJI bile 
from fcm.1lc rJt�. (c) 3H-ouab.11n after 17 h of ccntnfugJllon of 
bile from female rats. to which ouJbain was added m \ 1tro (7K µ M ) .  
(<l )  1"'C-manni1ol after 1 7  h o f  centrifugation o f  bile from fernJle 
rats. to which mannitol was added m vioro ( 7 1  µ M J  
various bi le  acids further decreased when the centri­
fugation time was prolonged to 45 h. This may indicate 
a slower sedimentation of the small non-cholesterol 
containing micelles compared with the sedimentation 
of cholesterol containing micelles with higher seize 
and or density. All conjugated bile acids were partly 
incorporated in mixed biliary micelles. Conjugated 
chenodeoxycholate had a higher tendency to be in­
corporated than conjugated cholate or conjugated 
deoxycholate (Table I ). Also conjugated Iithocholate 
was associated with mixed micelles, but exact deter­
mination was not possible because of the low concen­
tration of lithocholate in normal rat bile. The same 
applies to unconjugated bile salts. of which the biliary 
concentration was very low. Other constituents of 
the micelles, lecithin, bi l i rubin or lipoproteins (Ver­
schure and Mijnlieff. 1 956 ; Juniper. 1 965) were not 
investigated. The .. free .. concentration of conjugated 
cholate. measured with this technique was 4.4 
± 0.4 mM and 2.8 ± 0. 1 m M . determined after f 7 h 
and 45 h of centrifugation respectively. The critical 
micellar concentration of taurocholate at 20 C in 
1 50 mM NaCl is 3.2 mM (Carey and Small, 1 972). 
In vitro addition of cardiac glycosides to bile did not 
change the .. free .. concentration of the bile acids. 
Binding of some drugs to mixed biliary micelles 
was subsequently measured. The compounds were 
added to bile in vitro and after centrifugation the 
S S  
Table I Data concerning mcorporat1on mto biliary m1ccllcs and ··free .. concentration of some compoundo,; nJturJll\ pre�nt m r.ll h1h:. 
after 17 h and 45 h of ultr.tcentnfugJ.llon ( me.in vJ.lues of fh·c C'(pcnments) and bmdmg. to h1h.iry m1ccllcs and .. free .. tom:entr.i11on of soml! 
exogenous compounds after 1 7  h and 45 h of centnfugallon (meJn vJlues of three ex penmen ts) 
Compound Starting cone (µM) 17  h of  centrifugation 45 h of centnfugJt1on 
··free· cone. J µ M )  
Conj cholate 1 2 1 00  ± 760 4390 ± 420 
UnconJ cholate 1 50 :!: 'il 
ConJ chcnodconcholJ.tc 2720 ± 1 10 350 + 40 
Coni dcox)chol.ttc 460 + 40 90 ± 7 
Conj hthocholJte 70 + 6 < 11 
Cholc .. tcrol 256 ± 28 < :w 
3H-ou.1b�''" 7� 55 ± I 
'H K-strophantho'1dc s:i 37 ± I 
14C-m.mmtol 7 1  5 9  + I 
concentration of the compounds in the various frac­
tions was determined and the free drug concentration 
and percentage bound to mixed biliary micelles was 
calculated. 3H-ouabain. 3H-K -strophanthoside and 
14C-mannitol were added to bile in vitro to a concen­
tration of 78. 53 and 7 1  µM respectively. which was 
in the same range as the concentration occurring in 
bile after in vivo injection of the drugs (;ee Fig. 2). 
Percentage of binding after 1 7  h and 45 h of centrifu­
gation (Table I )  and two sedimentation patterns after 
1 7  h of centrifugation are shown ( Fig. I c. d). All 3 
good water-soluble compounds were partly bound to 
biliary micelles. It remains to be established, whether 
this binding means incorporation into the polar shell. 
the non-polar core or represents some type of in­
clusion into the micelles. It is also shown that the 
calculated binding increases with a longer centrifuga­
tion time. Since after 1 7  h of centrifugation cholesterol 
is absent from the top fraction. further sedimentation 
of the 3 compounds during longer centrifugation 
suggests binding of these drugs to the non-cholesterol 
containing micelles. Also in a taurocholate solution 
of 1 2. 1  mM this sedimentation could be demonstrated 
after 45 h of centrifugation. The binding percentage 
observed after 45 h of centrifugation of bile may be 
an underestimation of the in vivo binding. because 
removal of micellar-bound drugs from the upper 
fraction may still be incomplete. In further experi­
ments we have chosen to restrict the centrifugation 
time to 17 h. a time in which removal of cholesterol 
containing micelles from the top of the tube was 
complete. in order to estimate the relalfrC' binding of 
various drugs to biliary micelles. 
56 
',%, bound 
63 ± 3 
87 ± 2 
80 + 3 
> 65 
> 94 
29 + 1 
29 !: 1 
16 ± I  
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··free· cone l µ M )  'J. bound 
2800 ... 80 76 ± 2 
160 + 20 95 :!.. I 
60 ± 211 87 + :! 
< 22 - 65 
< 20 .... 94 
12 ± I 5.+ ± � 
18 ± I  6� -- 2 
52 + I �? ± 
@ k- Strophonthoside 
20 JO 50 
hµ 1 B1hary excrcuon rJtc (nmolcs mm kg b "  ) of (a) 1 H­
''11<1h.11n and ( b) ' H -K-strophanthos1dc after mfu,100 or ,.1hnc 
(Q Q). taurocholate ( 106 µmoles h ) ( J.  J.). deh)drodrnlJtc 
1 1 06 µmole; h) (6 6). dch) drocholJte (268 µmole' h i  
( 'J -'J I •nd cthJcryn1c uc1d ( 6 3  µmoles h i  ce--ei Mc.in 
\ JIUe!!. of four experiments lnjccuon of 290 nmolesrkg· b \\ 
One of the implications of the binding of drugs 
to biliary micelles is that in calculations of the free 
drug concentration gradients between plasma-bile or 
liver-bile, corrections for this micelle binding have to 
be made, even in case of good water-soluble drugs. 
The present results may also have consequences 
for the estimation of canalicular bile formation using 
mannitol or erythritol ( Forker, 1 967). If the crythritol 
(mannitol) clearance is plotted versus bile flow, in 
general a linear relationship is found with a slope 
slightly greater than I .  This may not only be caused 
by ductular reabsorption of erythritol (mannitol)­
free fluid ( Forker, 1 977), but also by erythritol 
(mannitol) binding to biliary micelles. 
The observed binding of drugs to biliary micelles 
might also be a factor determining hepatic transport 
of drugs. Binding to micelles could facilitate biliary 
excretion. Drugs, which arc able to stimulate biliary 
excretion of micelles, like taurocholatc, then would 
be expected lo have a stimulatory effect on hepatic 
transport of compounds bound to micelles. Figure 2 
shows that administration of 1 06 µmoles/h of tauro­
cholate did not result in a stimulatory effect on biliary 
excretion of 1H-ouabain and 1H-K-strophanthoside. 
This indicates that binding of drugs to biliary micelles 
lo the extent as observed with cardiac glycosides. is 
not a factor regulating biliary output of these drugs. 
Although the results from the present study as well 
as those from our previous report on hepatic transport 
of organic anions (Vonk et al . .  1 975) indicate, that 
binding to biliary micelles is not a pertinent factor in 
the biliary excretion process. it cannot be excluded 
that bile salts may function in solubilizing some 
cholephilic compounds like indocyanine green in the 
bile fluid. 
In Figure 2 also the effect of 2 other choleretics, 
dehydrocholate and ethacrynic acid on biliary ex­
cretion of ouabain and K-strophanthoside i> shown. 
None of the choleretics used exerted a stimulatory 
effect on biliary excretion of the cardiac glycosides, 
which confirms several earlier reports concerning the 
influence of choleretics on hepatic transport of ouabain 
( K upferberg. 1 969 ; Erttmann and Damm. 1 976; 
Meijer et al . ,  1 976). Plasma disappearance of both 
cardiac glycosides was not appreciably changed by 
administration of 1 06 µmoles/h of bile salts and etha­
crynic acid. Administration of 268 µmoleslh of de­
hydrocholate. however, inhibited significantly plasma­
disappearance as well as biliary excretion of the cardiac 
glycosides. The mechanism of this inhibition is yet 
unclear ( K upferberg. 1 969 ; Meijer et al . ,  1 976). 
This study indicates, that cholesterol and various 
bile acids are incorporated in biliary micelles to a 
various extent. Binding of ouabain and K-strophantho­
side to mixed micelles, as well as to non-cholesterol 
containing micelles occurs ; yet an increase of micelle 
output as the result of taurocholate administration 
does not lead to an increase of biliary excretion of the 
2 cardiac glycosides. 
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S U P P L EMENT I V  
CHOLERES I S  AND H E PAT I C  TRANSPORT MECHAN I S MS . I V  I NFLUENCE OF B I L E  
SALT C HOL ERES I S  ON T H E  H E PAT I C  TRANS PORT OF T H E  ORGAN I C  CAT I ONS , 
D-TUBOCURA R I N E  AND N4 -ACETYL PROCA I NAM I D E  ETHOB ROM I DE 
R . J .  VON K ,  E .  SCHOLTENS , G . T . P .  KEUL EMA N S  AND D . K . F .  ME l J ER 
SUMMARY 
The influence of the bile salts taurocholate and dehydro­
cholate on the hepatic transport of two quaternary ammonium 
b (d ) d 4 1 . . d h compounds , d-tu ocurarine Tc an N -acety procainami e et o-
bromide (APAEB ) was investigated in rats . The biliary excretion 
of APAEB and dTc in vivo was not enhanced by 1 06 µmoles/h of 
taurocholate or dehydrocholate . Infus ion of 268 µmoles/h dehydro­
cholate caused an inhibition of the plasma disappearance and 
hepatic transport of dTc . This inhibition , which presumabl y  
occurred a t  the hepatic uptake level , was also observed i n  
isolated perfused rat liver experiments . In animals with an 
intact renal function , the high dose of deh ydrocholate caused a 
decreased biliary excretion and an increased renal excretion of 
dTc . 
The observed concentration gradients , plasma/liver cytosol 
and bile/liver c ytosol twenty minutes after injection of both 
drugs were 1 . 6 and 2 3  for APAEB and 2 . 2  and 1 9 0  for dTc . These 
concentration ratios were based on free drug concentrations ; 
corrections were made for plasma protein binding , intracellular 
binding and biliary mice lle binding . No substantial binding of 
both compounds to ligandin and Z proteins was found . From the 
amount in the live r , twenty minutes after injection of both drugs 
70 per cent of APAEB and 90 per cent of dTc was bound to cellu lar 
particles .  
The rate l imiting step in hepatic transport o f  APAEB from 
plasma into bi le was concluded to be the hepatic uptake , which 
may explain the lack of effect of bile salt induced choleresis 
on its biliar y excretion . 
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INTRODUCTION 
The influence of bile salts or bile salt choleresis on 
hepatic transport of drugs is poorly understood . Administration 
of bile salts can stimulate biliary excretion of drugs (O ' Mai l le 
et a l . , 1966 ;  Ritt and Combes ,  1 967 ) , whi le also inhibitory 
e ffects of bile salts ( Bloomer et al . , 1 9 7 3 )  were reported.  Most 
of these studies were performed with organic anions , l ike 
bromosulphthalein ( BSP ) ( re f .  see Vonk et al . , 1975 ) . 
Less information is available concerning the influence of 
choleresis on hepatic transport of organic cations . Schanker and 
Solomon ( 1 963 )  reported , that bile salts had no influence on the 
biliary excretion of procainamide ethobromide ( PAEB) in the rat , 
which was confirmed by Kupferberg ( 1 969 ) . However ,  MacGregor and 
Clarkson ( 1972 ) found a stimulation of b i liary excretion of a 
phenanthridinium salt during dehydrocholate infusion , whi le 
recently Kuo and Johnson ( 1 975 ) reported a stimulatory action of 
taurocholate on biliary excretion of acetylated PAEB . This 
discrepancy prompted us to study the characteristics of the 
hepatic transport of two organic cations , 3H-d-tubocurarine (dTc ) 
and 1 4c-N4-acetylprocainamide ethobromide ( APAEB) and the 
influence of two bi le salts taurocholate and dehydrocholate on 
this transport . For determination of the characteristics of 
hepatic transport of both organic cations , the concentration 
gradients of the free drug between plasma , cytosol and bile were 
determined .  The two compounds are not noticeably metabolized 
(Cohen et al . , 1 967 ; Hwang and Schanker , 1 9 7 3 ) . 
MATERIALS AND METHODS 
Chemicals : The chemicals used were obtained from the following 
sources : d-tubocurarine-chloride : Burroughs Wellcome & Co . ,  
London , U . K . ; procainamide ethobromide : Squibb & Sons Inc . , 
Princeton , N . J . , U . S . A . ; sodium dehydrocholate and sodium 
taurocholate : Fluka A . G . , Buchs , Switzerland ; mannitol :  Merck 
A . G . , Darmstadt , Germany ; 3H-d-tubocurarine and 1 4c-procainamide 
ethobromide : New Engl . Nuclear Corp . , Dre ieichenhain , Germany ; 
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3 H-taurocholate : New Eng l .  Nuc lear Corp . , Boston , Mass . ,  U . S . A . ; 
3H-d-tubocurarine was further puri fied according to Meijer  et al . 
( 1 972 ) . The chemicals used were disso lved in saline before 
administration to the animals . 
Synthesis of APAEB : The synthesis i s  performed according to the 
method described by Meijer et al . ( 1 970a ) with modifications in 
the amounts of reagents used : 0 . 25 ml 0 . 3  M PAEB was mixed with 
0 . 02 ml 1 0 . 5  M acetic anhydride , followed by the addition of 
0 . 05 ml 4 . 2  M sodium acetate . Colorimetric determination indicated 
that about 97 % of the PAEB was acetylated . 
Chemical analysis : APAEB and PAEB were determined colorimetrically 
according to the method of Bratton and Marshall ( 1 939 )  with 
modifications as described by Meijer et a l .  ( 1 970a) .  
R d . h . l l . 3 1 4  3 a �oc em�ca ana ys�s : H-dTc , C-APAEB and H-taurocholate 
were estimated with a liquid scintillation spectrometer 
( Nuclear Chic ago Mark I I ) . Supernatant , plasma , bile and urine 
were solubilized in one ml Soluene ( Packard Instrument Comp . Inc . ,  
Downers Grove , I ll . , U . S . A . ) ; l iver homogenate and particulate 
fraction were solubi lized in 2 . 7  ml Soluene by heating six hours 
at 40°c .  Afterwards 10 ml scintillation medium was added to each 
vial . The scintillation medium consisted of 5 g of 2 , 5  -
diphenyloxazole ( PPO) and 50 mg 2 , 2 ' -p-phenylen-bis ( 5-phenyl­
oxazol )  ( POPOP ) per l iter toluene . The samples were counted at 
an e fficiency of about BS % for 1 4c and 3 5-50 % in case of 3H 
labeled material . The radioactivity i n  the e luted fractions after 
gel filtration were determined by dissolving 0 . 5  ml of  each 
fraction in 10 ml Aquasol ( New England Nuc lear Corp . , Boston , 
Mass . ,  U . S . A . ) .  Counting efficiency for 3H and 1 4c was 3 7  % and 
7 2  % respectively . Quenching of each sample was corrected for by 
external standardization . 
Experiments in vivo : The experimental procedure in animals has 
been described previously (Vonk et al . ,  1 9 75 ) . B lood samples of 
about 1 5 0  µ l  were taken from the carotid artery and collected in 
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heparinized capillary tubes ( Sherwood , Med .  Ind . Inc . , S t .  Loui s , 
U . S . A . ) .  Plasma disappearance studies and biliary excretion 
studies were performed in separate groups of animals . Biliary 
and urinary excretion was measured in sampling periods of 1 5  min . 
Urine was collected by cannulation of the urine bladder . Ligation 
of the cannulas was performed in such a way that the dead space 
in the urine bladder was minimized . For a constant urine product-
ion mannitol was Gissolved in the infusion liquid and infused in 
a dose of 1 042  µmoles/h . In fusion of a double dose of mannitol 
increasing urine production twofold did not enhance the urinary 
excretion of dTc . In all experiments the quaternary ammonium 
compounds were injected over a period of three minutes to avoid 
a severe decrease of blood pres sure . 
Iso lated perfused rat liver experiments : The equipment and 
method used in the perfusion exper iments were those reported by 
Meijer and We itering ( 1 970b) with one modification . In the 
present experiments the perfusion fluid was composed of Krebs­
bicarbonate buffer solution (pH 7 , 4 ) with 3 % bovine serum 
albumin and sheep erythrocytes .  By centrifugation , erythrocytes 
from 80 ml of sheep blood were isolated and washed three times 
with sterile saline . In this way about 33 ml of erythrocytes 
were obtained,  which were suspended in 1 00 ml Krebs-bicarbonate­
albumin buffer . Glucose and ampicillin were added at concentrat­
ions of 2 mg/ml and 25 µg/ml respective ly .  About 90 ml of the 
medium were used in the experiments and perfused through the 
l iver via the portal vein and recirculated . The viabil ity of the 
isolated perfused livers was tested by measuring perfusion flow 
through the l iver , pH of the perfusion medium and the bile flow . 
Perfusate and bi le flow were approximate ly 20 ml/min and 1 3  µ l/ 
min respectively at the start of the experiment . After an 
equilibration period of 30 min the bile salts were administered . 
A priming dose of 55 µmoles was given and a constant infusion of 
1 06 µmoles/h was started ( 3 . 8  ml/h ) . After 30 min dTc was added 
to the perfusion medium . Bile was collected in 1 5  min fractions 
during 90 min ; samples of the perfusion medium were taken at 
t = 1 0 ,  20 , 3 0 ,  40 , 5 0 ,  60 , 90 min , before and after passage 
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through the liver . Radioactivity of the perfusion medium was 
determined in the c lear supernatant obtained after centrifugation. 
DeteY'Tllination of sub-ce l lu lar distribution : Twenty min after 
injection of the drug , the l iver was perfused in situ via the 
portal ve in with 50 ml saline and removed from the animal . In 
contrast to the method described earlier (Me i j er et a l . , 1972 ) 
in these experiments a 25 % (w/v) homogenate in 0 . 0 1 M sucrose -
0 . 0 1  M phosphate buffer (pH 7 . 4 ) was prepared , as used for 
determination of dye binding to cytosol proteins according to 
Levi et a l .  ( 1 96 9 ) . The homogenate was prepared using a Te flon­
glass motor driven Potter-Elvehjem homogenizer . The homogenate 
was centrifugated at 4°c during 1 20 min at 1 60 . 000 g in a av 
Spinco ultracentrifuge ( rotor Ti 5 0 ) . After centri fugation the 
supernatant was separated and the sediment was resuspended in 
sucrose-phosphate buffer and samples of the supernatant - and the 
sediment suspension were taken for determination of drug content . 
From the supernatant a sample of four ml was subjected to column 
chromatography using Sephadex G75-S . The column ( cross-section 
2 . 5  cm , height 83 cm) was e luted with 0 . 0 1  M phosphate buffer 
pH 7 . 4  ( 16 ml/h ) at 4°c ,  and 4 . 0  ml fractions were collected in 
which extinction at 280 nm and radioactivity were measured . 
Calculation o f  cytosol concentration : Cytosol concentrations of 
APAEB and dTc were estimated from the supernatant concentration 
after ultracentrifugation of l iver homogenates , according to the 
method described by Meijer et a l .  ( 1 972 ) . Some modifications of 
that method were introduced : the volume of the biliary tree in 
rat l iver was assumed to be 0 . 32 % of the liver weight ( Forker 
et al . ,  1 9 7 0 ) ; 3 volumes of 0 . 0 1 M sucrose - 0 . 0 1  M phosphate 
buffer were used instead of 1 . 5 volume 0 . 1 5 M KCl ;  redistribution 
between cel l  organelles and cytosol during homogenisation was 
assumed not to occur . Drug concentration in the hepatic extra­
ce llular space was neglected , because vascular perfusion of the 
l iver in situ with 5 0  ml saline will remove most of the extra-
cellu lar drug , assuming that the exchange of drug between plasma 
and extracel lu lar space outside plasma is sufficiently rapid . 
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Fig .  1.  Plasma disappearance curve of dTc ( 4 . 2  µmoles/kg b . wt . )  
i n  rats with ligated renal pedicles during infusion o f  saline . 
Mean value + S . E .  (n � 6 ) . 
saline TC DHC DHC 
1 06 µmoles/h 1 06 µmoles/h 268 µmoles/h 
plasma 
disappearance : 
t'2 ( et )  (mi n )  4 . 8  + 0 . 7  6 . 6  + 0 . 8  6 . 7  + 0 . 6  6 . 2  





t'2 ( min)  3 4  + 1 38  + 2 38  + 3 1  
Table I .  Pharmacokinetic parameters o f  dTc i n  rats with ligated 
renal pedicles . Inj ection of 4 . 2  µmoles/kg b . wt . (n = 6 ) . 
Mean value + S . E .  M Significantly deviating from controls .  
6 4  
+ 0 . 7  
+ l OM 
+ 
Cytosolic concentration was calculated in this case from the 
expression : c = 8 . 098 C - 0 . 007 Cbi" le · ( Derived from cyt sup 
calculations of Mei jer et al . , 197 2 l . 
Binding of drugs to bi liary mice l les : Binding of the drugs to 
biliary mice lles was studied by ultracentri fugation of bile , 
according to the procedure described by Vonk et al . ( 1 9 7 7 l . The 
drugs were added to bile in vitro to a concentration of 0 . 38 mM 
and 0 . 88 mM for dTc and APAEB respective ly .  In experiments in 
which the sedimentation of 3H-taurocholate in bile was measured , 
a tracer amount of 3H-taurocholate was administered to rats via 
the tail ve in , after which bile was collected . 
Dialysis experiments of plasma and bi le : Dialysis was performed 
according to Meijer et a l .  ( 1 9 76 l . In the present experiments one 
ml of plasma and bile was used and dialysed against two ml Krebs-
bicarbonate . 
Statistical analysis : Statistical comparis ons were made using 
Wilcoxon ' s  test . Unless speci fied otherwise , the term signi ficant 
means a P value of less than 0 . 05 .  
RESULTS 
A. Effects of bile salts on plasma disappearance, biliary and 
urinary excretion of d.Tc 
The plasma disappearance of dTc after inj ection of 
4 . 2  µmoles/kg in rats with ligated renal pedic les is shown in 
fig . 1 .  The plasma disappearance curve seemed to be at least 
biphasic and exhibited a slow component ( S l with a t� of  57 + 
7 min and a fast component ( a ) , which has a t� , corrected for 
the s lower component of 4 . 8  � 0 . 7  min . The distribution volume 
( val could be calculated from the equation Vd = D/ (A + B l .  D 
represented the dose and A and B the intercepts of the Y axis 
with the fast and slow phase respectively .  Vd was 58  ml ( 1 9 % of 
b .wt . l ,  which suggests that the distribution of dTc was not 
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Fig. 2 .  Biliary and urinary excretion o f  dTc ( 4 . 2  µmoles/kg b . wt . )  
during infusion o f  a .  saline and mannitol ( 1 04 2  µmoles/h) ( n  6) , 
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Fig . 3 .  Plasma disappearance , liver content at t = 90 min and 
b i l iary excretion of dTc in isolated perfused rat liver 
experiments after addition of 5 . 2  µmoles dTc during infusion of 
saline (n = 6 ) , taurocholate ( 1 06 µmoles/h) (n � 3) and 
dehydrocholate ( 1 06 µmoles/h) ( n u 3 ) . Mean values + S . E .  
" Signifi cantly deviating from controls . 
restricted to the plasma volume . Administration o f  bile salts 
prolonged both t� ' s  (Table I ) . This e ffect was most pronounced 
during administration of dehydrocholate : t� ( $ ) was increased 
from 57 min to 1 09 min ( 1 06 µmoles/h ) and 1 3 3  min ( 268 µmoles/h ) . 
Biliary excretion of dTc was measured in rats with ligated 
renal pedic les . The t� of the descending phase of the biliary 
excretion curve was 34 + 1 min (Table I ) . An infusion of 
106 µmoles/h of taurocholate or dehydrocholate caused no signi fi­
cant changes in biliary excretion of dTc . Administration of 
268 µmoles/h dehydrocholate , however ,  inhibited biliary output of 
dTc signi ficantly in all periods . The total biliary excretion in 
this case was 3 2  % of the dose compared with 55 � in control 
experiments . However ,  the t� ' s  of the descending phase of the 
biliary excretion curves were not signi ficantly changed by 
administration of bile salts (Table I ) . 
Biliary and urinary excretion o f  dTc during infusion of 
mannitol and saline were measured in rats wi th an intact renal 
function (Fig . 2 ) . The cumulative urinary excretion in 90 min 
was s lightly smaller than the total biliary excretion ( 30 % and 
36 % respective ly ) , while biliary excretion in this case was 
smaller than in experiments with ligated renal pedicles ( 36 ·� 
and 55 % respective ly ) . Compared with controls with intact renal 
pedic les , administration of the high doses of dehydrocholate 
again decreased biliary excretion of dTc from 36 � to 22 \ , but 
the urinary excretion was enhanced from 30 to 44 % . 
To minimize interactions of bile salts with dTc outside the 
liver and to exclude extrahepatic toxic e f fects o f  high doses of 
dTc , the technique of the isolated perfused liver was used to 
study the pharmacokinetics of a higher dose of dTc ( 5 . 2  µmoles )  
and the influence of bile  salts on  its pharmacokinetics . The 
plasma disappearance in the perfused liver experiments , which 
was linear when plotted semi logarithmically,  could be described 
by a one compartment mode l ( Fig . 3 ) . The pharmacokinetic values 
Vd , t� and K 1 ( clearance constant) were found to be 93  + 8 ml , ce _ 1  8 2  + 7 min and 0 . 8  + 0 . 1  ml . min respective ly . The same phenomena 
as observed in vivo were found : the plasma disappearance of dTc 
was retarded by dehydrocholate . In the isolated perfused liver 
67 
dehydrocholate appeared to be more e ffective than in intact 
animal studies .  In this case the inhibitory effects could be 
observed with 106 innoles/h . The amount of dTc in the l iver was 
significantly diminished after dehydrocholate administration . 
Also the biliary output was reduced by bile salt administration . 
The total amount excreted in bile was significantly reduced by 
the hydrocholate ( 16 per cent vs . 35 per cent in connrol 
experiments ) . The t� of the bi liary excretion process was 44 + 8 
min ,  which was not s ignificantly changed by dehydrocholate and 
only s lightly reduced by taurocholate . 
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Fig . 4 .  Pharmacokinetics of APAEB in rats with ligated renal 
pedicles after i . v .  injection o f  35 . 3  µmoles/kg b . wt. of APAEB . 
a .  Plasma disappearance of APAEB . Mean values :_ S . E .  (n = 4 )  
b .  Biliary excretion o f  APAEB during infusion o f  saline , 
taurocholate ( 1 06 µmoles/h) and dehydrocholate ( 1 06 and 
268 µmoles/h ) . Mean values + S . E .  x Signi ficantly deviating 
from controls . 
B. Effect o f  choleresis on hepatic transport of APAEB 
Plasma disappearance of APAEB in vivo after inj ection of 
35 . 3  µmoles/kg is shown in fig . 4a . I t  i s  not clear , whether the 
plasma disappearance of APAEB should be described by a one 
compartment model or a more complex mode l .  For an approximation 
of the pharmacokinetic parameters , we have assumed a one 
compartment mode l and after calculating the best fitting l ine , 
Vd and t� were found to be 5 2  ml and 38 min respectively . The 
bi l iary excretion of APAEB is shown in fig . 4b . After injection 
of 35 . 3  µmoles/kg of APAEB a maximal hepatic transport rate of 
1 1 1  nmoles/min/kg b . wt .  was found , which could not be enhanced by 
administration of bile salts . A decrease of the hepatic transport 
rate , which is only s ignificant in the last period , was found 
during administration of dehydrocholate ( 268 µmoles/h ) . In fig . 5 
biliary excretion of APAEB and PAEB is shown after injection of 
an equimolar dose of 35 . 5  µmoles/kg of PAEB . ( PAEB is metabolized 
in the l iver to APAEB ; Mei j e r  et al . ,  1970a ) .  After inj ection of 
PAEB maximal bil iary excretion of APAEB amounted to 1 0 1  nmoles/ 
min/kg b . wt . , in addition to a maximal bil iary excretion of PAEB 
of 2 1 1  nmoles/min/kg b . wt .  In thi s  situation bi liary excretion of 
APAEB was only 9 \ less than after administration of 35 . 3  µmoles/ 
kg b .wt . of APAEB . 
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Fig . 5 .  Biliary excretion of PAEB and APAEB during 90 min after 
i . v .  injection o f  3 5 . 3  umoles/kg b . wt .  of PAEB in rats with 
ligated renal pedicles . 
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volume ( Vd) 
<:; total rec . 
cone . bile ( µM)  
cone . bile 
( free ) ( µM) 
cone . plasma ( µM )  
cone . plasma 
( free ) ( µM)  
cone . cytosol ( µM)  
cone . cytosol 




bi le/cytosol ratio 
dTc 
4 . 2  µmoles/kg 
1 2 . 0 + 0 . 4 
25 . 9 + 1 . 9 
4 3 . 1 + 2 . 7  
8 1 . 0  + 8 . 6 
860 + 56 
550 
9 . 4 + 0 . 6 
6 . 3 
2 . 9 + 0 . 3 
2 . 9 
0 .  1 1  
2 . 2  
190 
APAEB 
35 . 3  µmoles/kg 
9 . 2  + 0 . 3  
4 . 3  + 0 . 3  
6 1 . 4  + 1 . 6 
74 . 9  + 2 . 2  
1 584 + 1 3 5  
1 378 
1 1 4 + 3 
98 
60 . 0 + 4 . 9  
60 . 0  
0 . 4 3 
1 . 6 
2 3  
Table II . Di stribution o f  dTc and APAEB i n  vivv twenty minutes 
after injection of the compound . The percentages in live r ,  bile 
and distribution volume and total recovery are percentages of 
the inJected dose . Mean value � S . E . ;  n • 4 .  
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C .  Concentration 11atio p Zasma/cytoso Z and bi Ze/cytosoZ  of" 
unbound dTc and APAEB 
To characterize hepatic transport of both organic cations in 
order to enable interpretation of the influence of choleresis on 
this transport , concentration gradients between plasma , cytosol 
and bi le were determined . An inj ection of dTc ( 4 . 2  umoles/kg) 
and APAEB ( 35 . 3  µmoles/kg) was given to two groups of animals 
with l igated renal pedic les and twenty min afterwards the 
concentration of both drugs was determined in plasma , bile liver 
Elut>on poHtrn G15 - S  
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Fig . 6 .  Elution patterns of cytosol from G 75-S Sephadex columns 
to which was applicated : 
( a )  cytosol with addition of 2 . 4  µmoles BSP 
( b )  cytosol with addition of 2 . 6  µmoles dTc 
( c )  cytosol , obtained from rats , which were injected with APAEB 
( 3 5 . 3  µmoles/kg) 
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homogenate and in post microsomal supernatant and sediment of 
liver homogenate after centrifugation . Cytosol concentrations 
were calculated as described in "methods" and the results are 
given in table I I .  The recovery of dTc and APAEB in liver , bile 
and plasma was 81 and 75 % of the dose respective ly.  Both 
compounds were found to be bound to cell organel les after 
inj ection in v ivo and homogenisation of the liver . 
Concentration ratios should be based on free drug concen­
tration in plasma , cytosol and bile . Therefore , the concentration 
measured in plasma , cytosol and bile was corrected for binding to 
plasma proteins , cytosol proteins and bi liary mice lles respec­
tive ly .  
Dialysis studies revealed that 46 � of dTc (Meijer e t  al . ,  
1976 )  and 1 4  % of APAEB was bound to plasma proteins in the 
concentration range used in the in vivo experiments . 
To investigate binding of both drugs to cytosol proteins , 
supernatant after centrifugation of liver homogenate was applied 
to a Sephadex G 75-S column . Both the supernatant prepared from 
livers of animals which were inj ected with dTc or APAEB in vivo , 
and the supernatant obtained from the liver of control rats to 
which both drugs were added in vit1•0 were investigated . Fig . 6 
shows the e lution pattern when a .  2 . 4  µmoles BSP were added in 
vitro to liver supernatant ( reference ) b .  2 . 6  µmoles dTc were 
added in vitro and c .  an inj ection of 35 . 3  µmoles/kg APAEB was 
given in vivo and liver supernatant was prepared . The e lution 
pattern of the postmicrosomal supernatant after addition of BSP 
shows the well-known pattern as earlier reported by Levi et al . 
( 1 969) . dTc and APAEB were almost complete ly e luted in the peak 
of low molecular we ight compounds ( Vt) .  
Interaction of APAEB and dTc with biliary micelles was 
studied by ultracentrifugation and dialysis of bile containing 
both drugs . Fig . 7 represents the sedimentation patterns after 
centrifugation of respectively bile , to which dTc ( 0 . 38 mM) was 
added in vitro , bile to which APAEB ( 0 . 88 mM) was added in vitro 
and bile which contained tracer amounts of 3H-taurocholate . The 
sedimentation pattern of 3H-taurocholate is simil ar to the one 
reported for taurocholate ( Vonk et al . ,  1 9 7 7 ) . The higher 
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concentration of dTc and APAEB in the bottom fraction after 
sedimentation indicates binding to biliary mice lles of both 
compounds . Also when dTc and APAEB were injected to rats and bi le 
was collected and centri fugated by the method described by Vonk 
et al . ( 1 9 7 5 ) , sedimentation occurred . The amount of drug , which 
was bound to biliary micel les was estimated according to the 
method described by Vonk et al . ( 1 9 7 7 ) . After 1 7  h of centri fu­
gation 25 % of APAEB and 59 % of dTc was bound to mixed bi liary 
micelles . Dialysis experiments of bile containing dTc and APAEB 
revealed diffe rent binding percentages , which were 1 3  � and 36 % 
respective ly . 
@ 
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1 L + dTc ( 0 3 8 m M )  
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Fig .  7. Sedimentation patterns after centri fugation o f :  
( a )  bile t o  which dTc was added in vitro ( 0 . 3 8 mM) 
(b)  bile to which APAEB was added in vitro ( 0 . 88 mM) 
( c )  bile collected after injection of a tracer amount 3H­
taurocholate 
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When corrections were made for binding to plasma proteins , 
cytosol prote ins and biliary micelles it was found (Table I I )  
that the free concentration o f  both drugs i n  plasma was higher 
than in cytosol ,  and a concentrative step existed in the trans fer 
from cytosol to bile . 
DISCUSSION 
In several studies the pharmacokinetics of quaternary 
ammonium compounds have been investigated ( re fs . see Cohen et a l . , 
1 965 ; Meijer , 1 97 7 ) . In spite of th is , the pharmacokinetics of 
dTc and APAEB are not complete ly understood due to uncertainties 
in analysis of the plasma disappearance and biliary excretion 
curves , which is for example i llustrated in the plasma dis­
appearance of APAEB ( Fig . Sa l . The plasma disappearance of dTc 
in rats with ligated renal pedicles i s  composed of at least two 
components , but the second component i s  not only determined by 
biliary elimination if we take into account the t� of plasma 
disappearance and bil iary excretion ( �able I ) . The same 
phenomenon could also be observed in i solated perfused liver 
experiments :  the t� of bil iary excretion was considerably 
smaller than the t� of plasma disappearance . 
When experiments with dTc were performed in animals with 
intact renal function , cons iderable amounts of dTc were excreted 
in urine , whi le the cumulative biliary excretion in these animals 
was lower . 
The liver take s up both quaternary ammonium compounds while 
the free drug concentration ratio plasma/cytosol > 1 .  (Table I I ) . 
This can be partly explained by a high binding to ce ll  organe lles, 
for dTc especially to lysosomes (Weitering e t  al . ,  1 975 , 1 9 7 7 ) . 
From the amount in the liver twenty minutes after inj ection of 
both drugs 70 per cent of APAEB and 90 per cent of dTc was bound 
to cellular particle s . (The partition ratio liver cytosol/ 
ce llular particles was 0 . 1 1  for dTc and 0 . 4 3 for APAEB ; Table I I ) . 
Binding to the cytosol proteins Y and Z was not substantial ; 
APAEB , dTc and PAEB were not eluted in one of these protein 
fractions after columnchromatography . Thi s  is in  contrast to the 
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organic anions , for instance BSP , which was eluted in the Y and 
Z fractions . Ligandin and Z protein are proteins which play a 
role in the hepatic transport by lowering the free cytoplasmic 
concentrations of organic anions l ike BSP . Both quaternary 
ammonium compounds are partly bound to plasma proteins and 
biliary micelles . The latter was determined by ultracentri fugation 
and dialysis �f bile . One of the reasons causing the di fferences 
in percentage of binding determined by both methods may be the 
dilution in the di�lysis technique , which may diminish the 
amount of biliary micelles and/or promote dissociation from the 
mice l les and as a consequence the percentage of binding . The 
values derived from the ultracentrifugation method were used for 
calculating the free canalicular drug concentration . 
In our experiments admini stration o f  taurocholate or 
dehydrocholate , which enhanced bile flow , did not stimulate 
hepatic transport of the quaternary ammonium compounds . In vivo 
bi liary output of dTc as wel l  as APAEB was not enhanced during 
administration of 1 06 µmoles/h of bile salts . Also in iso lated 
perfused liver experiments , where the �umber of interactions 
outside the liver is reduced , no stimulation of biliary output 
of dTc could be observed . The same applied to PAEB ; no stimulation 
of the bil iary excretion was found by bile salt administration 
(unpublished observation ) .  Our findings confirm the results of 
Schanker and Solomon ( 1 96 3 )  and Kupferberg ( 1 969 ) , who reported 
that the excretion of quaterna�y ammonium compounds can not be 
stimulated by administration of bi le salts . However , two other 
papers reported a stimulatory e ffect of bi le salts on hepatic 
transport of quaternary ammonium compounds . MacGregor and 
Clarkson ( 1 972 ) found a distinct increase of biliary excretion of 
a phenanthridinium salt during dehydrocholate infus ion . This 
phenanthridinium salt , which is metabolized by the liver , formed 
complexes with bile . They suggested that interaction of organic 
cations with biliary mice l les may facilitate biliary excretion of 
the compound . This cannot be a general phenomenon , because we 
also observed interactions between dTc and APAEB and bi liary 
mice lles without finding a stimulatory e ffect of taurocholate , 
which eas i ly forms biliary micelles . Also with N-methyldeptropine, 
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a quaternary ammonium compound which seemed to form complexes 
with bil iary compounds ( Lavy et al . ,  1 972 ) , no stimulation of 
biliary excretion could be observed by bile salt administration 
( unpublished observation ) . The stimulatory e ffect of a bolus 
injection of taurocholate on bil iary excretion of APAEB , 
described by Kuo and Johnson ( 1 975 ) could not be reproduced in 
our animals , using their experimental set up . The discrepancy of 
the results from above mentioned groups and our findings is 
difficult to explain .  Drugs , used to induce choleresis , may 
interact at different sites wi th the transport system of drugs . 
The influence of choleresis therefore may be the re sult of both 
inhibitory and possible stimulatory e ffects . The final result may 
depend on the dose and the type of the choleretic agent adminis­
tered , the way of administration of the drug to be studied and 
its physicochemical properties . An example of thi s complexity 
are the results with dehydrocholate , which is able , under certain 
circumstances , to inhibit hepatic transport of drugs , in spite of 
a distinct choleresis : ouabain ( Kupferberg , 1 969 ) , phal loidin 
( Lutz et al . ,  197 1 ) , bil irubin ( Bloomer et a l . , 1 9 7 3 )  rose bengal 
( Kelman-Sraer et al . ,  197 3 ) , indocyanine green ( Vonk et al . ,  1 9 7 4 )  
bromsulphthalein ( Delage et al . ,  1975 ) and K-strophanthoside 
( Vonk et al . ,  1 97 7 ) . Because of the variety in structure of 
these compounds general compe titive interactions are less like ly . 
Whether thi s i s  a specific effect of dehydrocholate and/or 
metabolyte s or a more general bile salt e ffect is not clear from 
these experiments . Recently it was observed in isolated hepato­
cyte suspensions that both dehydrocholate and taurocholate were 
able to inhibit cellular transport of various compounds , which 
suggests a more general e ffect (Vonk et a l . , 1 97 8 ) . Whether there 
is any correspondence with the action of K-strophanthoside on 
hepatic transport of dTc ( Me i j er et al . ,  1 97 2 ) , has yet to be 
established . 
The studies with isolated hepatocytes furthermore indicated , 
that inhibition occurred at the uptake leve l , which may be 
confirmed in these studies . In vivo t� of the bi l iary excretion 
was not affected by bile salts , whi le the total biliary output 
was reduced and in isolated perfused liver experiments both the 
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amount excreted in bile and the amount i n  the liver were reduced . 
The inhibition of hepatic uptake in vivo has also conse­
quences for the urinary excretion of drugs , as seen with dTc . 
During administration of dehydrocholate which inhibits hepatic 
uptake , plasma levels of dTc were increased , which , in  turn , 
increased renal excretion of dTc . 
I nhibition of hepati c uptake of drugs by bile salts may also 
occur in pathological situations as cholestasis , in  which serum 
bile salt levels may be high ( La Russo et al . ,  1 9 7 5 ) . Whether 
these h igh serum bile salt leve ls also c an prolong the duration 
of action of neuromuscular b locking agents l ike dTc is unknown . 
The observation , that in patients with a total biliary 
obstruction , the neuromuscular b lockade of the organic cation 
pancuronium was prolonged (Somogyi et a l . ,  1 9 7 7 ) , seems to 
suggest this possibil ity . 
Admin istration of taurocholate or dehydrocholate did not 
stimulate biliary excretion of the quaternary ammonium compounds 
dTc and APAEB . Thi s  is in contrast with the stimulation of the 
hepatic transport of the organic anions i ndocyanine green or 
dibromosulphthalein , which was studied under the same experimental 
conditions ( Vonk et al . ,  1 9 7 5 ) . Therefore the mechanism and rate 
limiting step of the hepatic transport of both quaternary 
ammonium compounds were analyzed . The transport of dTc can be 
described by a non concentrative step from plasma to cytosol and 
a concentrative step from cytosol to bile . The same conclusion 
was drawn from data obtained under different experimental 
conditions ( Meijer  et al . ,  1 9 72 ) . The rate limiting step in  the 
hepatic transport of dTc i s  not quite clear . From the observation 
of Mei j er et al . ( 1 976 )  that the free dTc concentration i n  
cytosol is decreasing during 90 min after a n  initial rise , i t  i s  
s uggested that the rate limiting step i s  the biliary excretion 
proce s s . 
I f  the stimul ation of biliary excretion of drugs in 
general i s  due to a modification of the canalicular membrane 
and/or transport carrier to bi le ( Forke r ,  1 9 7 3 ) , transport of 
dTc i s  not affected by these modifications . If the stimulation 
of biliary excretion of drugs is a flow dependent process 
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including back transport from bile to l iver (Vonk et al . ,  1976 ) , 
the lack of e ffect of choleretics can be explained by the 
assumption that transport from bile to l iver does not exist in 
case of dTc . 
The hepatic transport of APAEB can also be described by a 
non concentrative step from plasma to cytosol and a concentrative 
step from cytosol to bile . The rate limiting step turned out to 
be the hepatic uptake . This conc lusion could be derived from the 
comparison of bil iary excretion of APAEB after injection of APAEB 
and PAEB . After inj ection of PAEB a biliary excretion of 2 1 1  
nmoles/min/kg b . wt .  of PAEB was found , while the simultaneous 
excretion of its acetylated conjugate ( APAEB) was only 9 , less 
than after inj ection of  APAEB itse l f .  This implies that the 
uptake of PAEB is much faster than hepatic uptake of APAEB and 
that hepatic uptake rather than biliary excretion is the rate 
limit ing step in hepatic transport of APAEB . This is based on 
the assumption that APAEB and PAEB are transported by the same 
carriers to bile . I f  the site of the stimulatory action of bile 
salts is distal to the rate limiting uptake process ,  this 
stimulatory effect should not be visible in experiments with 
APAEB . This might be the explanation for the lack of e f fect of 
bi le salt chole resis on hepatic transport of APAEB . 
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SUPPLEMENT V 
TRANSPORT OF DRUGS IN ISOLATED H EPATOCYTES 
THE INFLUENCE OF BIL E  SALTS 
ROEL J. VONK, PETER A. JEKEL, DIRK K. F. MEIJER and 
MACHIEL J. HAROONK 
Dcparlmenl of Pharmacology and Histocherrucal Section of Department of Pathology, State University 
Gromngen, Bloemsingel I, Groningcn. The Netherlands 
(R.ceivtd 21 April 1977; accepted 8 .luly 1977) 
Abslr:tcl-The influence of bile salts on hepatic transport or drugs was studied usmg isolated hepatocyte 
suspensions. Uptake of the organic anions. d1bromosulphthalem (DBSP). indocyan1De green (ICG) and 
an organic cation, /\'•-acelyl procainamide ethobromade (APA EB) was measured. After 60 min incuba­
tion the amount of DBSP, JCG and APAEB present ID the cells was 17, 41 and 4 5 per cent of 
the added amount respectively. The release or DBSP, JCG and APAEB from the hepatocytcs preincu­
bated with the agents under study, after 60 min 1Dcubation ID fresh medium was 80 5. 1 2.5 and 48.9 
pc:r cent of the amount imllally present rcspecllvdy. The presence of bile canahcular membranes in 
the isolated hepatocytes was demonstrated by cnzymeh1stochem1stry: 5'-nucleotidase activity showed 
sharp branched bands over the cell surface. When bile salts were present an the incubation medium, 
the cellular content or DBSP, ICG and APAEB was d1m1mshcd The taurocholate concentration v.hich 
caused 50 per cent of the maximal effect was 0 07 mM. 0. 10 mM and 0.06 mM in expenments with 
DBSP, ICG and APAEB respectively. Pharmacokincuc analysis revealed that the influence or bale 
salts on cellular content of the three compounds w.as due to inh1bit1on or the uptake mto the isolated 
hepatocytcs, rather than sumulation of release from the cells. The hypothcsas. that stimulation or h1h•ry 
output of organic anions m vivo is due to a mod1fyrng effect of bile salts on the canahcular mc:mbranes, 
mstead or bemg the result of the increased bile now, as not supported by thi• study. 
Bile salts are able to affect the hepatic transport of 
drugs in vivo. In some studies a stimulation of bihary 
excretion of drugs is found [J -4]. while other studies 
revealed inhibition of hepatic transport or drugs• [5) 
or lack of effect• [6]. No definite explanation for the 
observed differences in efft:ets of bile salts can be 
given at this moment. The mechanism of the inhibi­
tory effect of bile salts on hepa be transport is not 
clear. The stimulatory effect of bile salts may be due 
to a direct effect of the bile salts on the carrier for 
biliary transport or drugs or to an indirt:et effect of 
the bile salts. The direct effect of bile salts may be 
the "allosteric" effect described by Forker [7] or a 
detergent effect of bile salts on plasma membranes 
[8, 9]. The indirect effect is the effect of the concomi­
tant choleresis induced by bile salts, which is sup­
posed to change the canalicular concentration of the 
drug and thereby the net transport from liver to bile 
[ I]. Pr:viou5 studies [10] revealed that the stimula­
tory influence of bile salts on hepatic transport 
depends on the drug under study and both the mem­
brane modifying effect of bile salts and the effect due 
to choleresis, may play a role. Also the existence of 
a concentration gradienl of drugs along the sinusoids 
from the portal triad to central ,·ein [I I] may compli­
c-.i.te the interpretation of the interaction between 
drugs and choleretic agents. 
The present study is concerned with the influenc< 
of bile salts on hepatic transport of drugs u>ing the 
technique of isolated hepatocytes. The advantage of 
this technique is lhe exclusion of the factor of dilution 
of canalicular drug concentration by choleres1s and 
• Vonk et al .• lo be pubhshed 
the Jack of an unequal supply of drug to hepatocytes 
from the vanous parls of the hver lobule. Possible 
direct effects of bile salts on membmnes. which v.ill 
influence transport of drugs are subject of this investi­
gation. 
Since the normal orientation of hepatocytes in the 
liver lobule is lost during the isolation procedure, 
enzymehistochemical studies were performed to in ves­
tigate whether bile canalicular membranes. mediating 
canalicular transport of drugs, were still present in 
the isolated hcpatocytes. 
MATERIALS AND METHODS 
Cla.mical.<. The chemicals used were obtained from 
the following sources: DRSP: Sodete d'Etudes et de 
Recherches Biologique (SERB). Paris, France; !CG : 
Hynson, Westcott and Dunning Inc., Ballimore, 
U.S.A.; PAEB:  Is a gift from Squib and Sons, New 
Jersey, U.S.A . ;  APAEB: by acetylatton of PAEB. 
according to the procedure described by Vonk er al.;• 
Sodium taurocholate and sodium dchydrocholate: 
Fluka, A. G., Buchs. Switzerland; [ 14C]PAEB: New 
Engl. Nuclear Corp., Dreieichcnhain. Germany; 
['H]taurochohc acid: New Engl. Nuclear Inc., Bos­
ton, U.S.A.; Albumin: dcminerilized bovine albumin. 
Poviet. Oss, Holland; Collagenase:  (EC 3-4 24 3) Type 
I, Sigma ChemicJI Company, St. Louis. MO 63 1 78, 
U.S.A. 
Cltemacal a11alysis. DBSP: supernatant (medium) 
was diluted with 0- 1 N NaOH and measured spectro­
photomelrically at 580 n m ; hepatocytes were 
extracted with 80% methanol-20% 0. 1 N NaOH and 
afl�r centrifugation (Homer. 700 g) lhe supernatant 
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was analyzed spectrophotometrica11y al 580 nm. Re­
covery in medium and hepatocytes was about 100 
per cent 
ICG : supernatant was diluted with distilled water 
and measured speclrophotometrically at 800 nm. The 
pellet of hepatocytes was extracted with 100% meth­
anol and after centrifugation (Homer, 700 g) the 
supernatant was analyzed spectrophotometricaUy at 
800 nm. Recover} in medium and hepatocytes was 
about 100 per cent 
[14C]APAEB: 100 µI of supernatant was dissolved 
in 10 ml Aquasol (New England Nuclear Corp., Bos­
ton. MA. U.S.A.) and the radioactivity was estimated 
with a liquid scintillation spectrometer (Nuclear Chi­
cago Mark II). The pellet, consisting or cell material 
was suspended in 3 ml Krebs-buffer; I ml was dis­
solved in 10 ml Aquasol. Quenching of each sample 
was corrected by external standardization. 
IJD/arion of hepatocytes. Hepatocytes were isolated 
a�-cording to the procedure of Berry and Friend [12) 
with some modifications. 
M:&le Wistar rats (28(}...330 g), which had free access 
lo food and water, were anesthetized by an intraperi· 
toneal injection of sodium pentobarbital (Nembutal") 
(60 mg/kg� After a midline abdominal incision the 
liver was exposed and the vena porta cannulated Im· 
mediately afterwards the lower part or the vena cava 
inferior was intersected and the liver perfused with 
II ca2• -free Hanks buffer. The colour or the liver in­
stantaneously became uniformly yellow. During pre­
perfusion the upper part or the vena cava infenor 
was cannulated and the liver transported to a per­
fusion apparatus [ t 3], which was co1u1n11:t�d for 
these �xperiments of plexiglass. After 8 min of preper­
fusion with a flow of about 35 ml/min, a recycling 
perfusion with 60 ml Hanks buffer, containing 0.03% 
collagenase (200 U/mg) was started. During the per­
fusion as well as during the preperfusion the solutions 
were constantly gassed with carbogen, the tempera­
ture was maintained at 37° and the pH constantly 
monitored (pH 7. 11.4). The perfusion was stopped 
after 20 min and the liver was transferred to a petri­
disk and gently disrupted with two pincets. The 
fonned suspension was incubated in a Dubnoff meta­
bolic shaker (37°, 5 min, aerated in opt:n air, ± 90 rev/ 
min� Afterwards the su�nsion was filtered through 
llVO nylonlaycrs with cross section or 100 and 60 µm. 
The filtrate, cooled on ice was centrifugated in a 
Homef centrifuge ('#0 sec, 50 g� The supernatant was 
discarded and the pellet resuspended in an ice-<:ooled 
buffer, pH 7.4, containing 1 2 1 .0 mM NaCl, 4.9 mM 
KO. l .2 mM KHz P04. l .2 mM Mgso •. 0. 1 3  mM 
CaCl2, 16.5 mM Na2HP04. 5 mM glucose and 2% 
bovine serum albumin. Aller washing twice, the cells 
were suspended in a known volume or the same 
buffer. Samples of this suspension were used for the 
determination of the number or cells and dry weight. 
The cells were stored on ice during about I hr a[ter 
isolation. Cell suspension with a concentration of 
5.0 x 106 cells/ml were used in all experiments. 
Viability tests. Trypan blue staining showed that 
more than 98 per cent of the cells did not take up 
the dye. Potassium content, electronmicroscopy and 
enzymehistochemistry or hepatocytcs taken after the 
isolation and incubation procedures did not reveal 
distinct cellular deviations from hepatocytes of intact 
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liver. Intracellular potassium concentrations were 
measured by flame photometry. After centrifugation 
(90 sec, 50 g) or a known volume of cell suspension, 
the pellet was thoroughly mixed with 2 ml 1 5% tri­
chloroacetic acid After another centrifugation, one ml 
of the supernatant was added to 0.5 ml 65% HN03 
and heated overnight at 80-100>. The residue was dis­
solved in distilled water and used for Harne photom­
etry. The volume or 1 27 x 10 6 cells was assumed 
to be 1.0 ml [ 14]. The intracellular potassium conccn· 
tration determined in this way was in the range or 
104-140 mM. 
Uptake studies. The cell suspension. divided in por­
tions of 3 ml was preincubated JO mm in the Dubnolf 
metabolic shaker (37°, aer.ued in open air). After­
wards the drug under study was added and incubated 
under the same circumstances during variou; time in­
t<rvals (5, JO, 1 5, 20, 25, 30, 45, 60 and m ;ome experi­
ments 120 min). The uptake process was stopped by 
placing the tubes on ice; no changes in drug concen­
tration in cells or in medium were observed during 
incubation on ice. To separate the supernatant, the 
suspension was centrifuged (Homer, 90 sec, 50 g). After 
washing the cells twice with the before mentioned 
buffer, the drug content in the cells was determined. 
Also in the first supernatant (incubation medium) the 
amount or drug was analyzed Jn experiments, in 
which the influence or bile was mea.,1red 5 min prein­
cubation time with blle salts was used. 
Release studies. The cell �L1.<pension was prcincu­
bated IO mm in the Dubnoff metabolic shaker (37', 
aerated open air). The compounds were added and 
during 30 min incub.iion was performed llbder lhe 
same conditions. The cells \\ere washed twice with 
the ice-<:ooled buffer, resuspended in the sam< solu­
tion and incubJted again in portions of 3 ml at 
various time mtervals (5, 10, 1 5, 20, 25, 30. -15 and 
60 min); the incubation was stopped by placing the 
tube on ice and the amount of the drug was ueter­
mined in cells and in incut>ation medi�1 1n. Control 
studies showed that no release of drug occurred at O'. 
En:ymehistochemical studies of three plusmamem­
brane bound en:ymes. Cell suspension was allowed to 
sediment on glass slides. After fixation in formahne­
macrode�-<:alciumchlonde ( J O  ml 40% fonm•ldehyde, 
90 ml 6% macrodex in 0.9% sodiumchloride, I g cal­
ciurochloride), the activities of 5'-nuckotid.tse and 
ATP-ase were determined ( 15]. After fixation at 4' 
for 3 min in equal parts of chloroform and acetone 
the activity of leucyl-P-naphthylamidase was visual­
ized [16]. To determine the influence or collagenase 
on these enzyme activities, cryostat sections ( JO  µm) 
or intact liver were preincubated with a 0 05�� solu· 
tion of collagenase in Tris-HCI buffer (0 005 M; pH 
7.2) during 30 min. 
Pliarmacokmetic analysis. Pharmacokinetic analyses 
were made according to a closed two compartment 
model, which includes a cellular compartment ( I )  and 
a medium compartment (2� Both rate constants r1 2 
and r21  represent cellular uptake and cellular release 
respectively. The rate constants can be calculated 
from r,•/ease studies according to the following equa­
tions: 
(D - dose and Q = amount ot drug) 
dQ,(1) dt = -r, , Q ,(t) + r2 1Q2(1) : ( I )  
dQ2(r) 
di = r12Q1(r) - r2 1Q2(r); (2) 
D Qi(c) = --- [r2 1 + r1 2  e-t",+'""] ; (3) rl l  + r2 1 
it follows that 
D r2 1  Q.(TJ) = --- ; (4) 
' 11  + '2 1 
Q2(r) = � [l - e-1'""""] ; (5) 
'1 2 + '2 1 
it follows that 
Q2(oc) = � ; (6) 
' 1 2  + '2 1  
ln[Q,(t) - Q1(;:r,l] =-(r12 + r2 1)r + constant. (7) 
With this equation (r1 2 + r21 ) can be calculated 
graphically by plotting ln[Q1(c) - Q1(ool] versus 
time. After equilibrium in cells and medium Q1(co) 
and Q2(-:c.) \\<ere determined. Q1(oc)/Q2(:c,) = r2i/r1 2 ;  
now r 1  2 and r21 can easily be calculated using equa­
tions (4� (6) and (7). In uptake studies similar calcula­
tions can be made. 
RESULTS 
Uptake studies. Isolated hepatocytes were used to 
study the uptake of DBSP. !CG and APAEB. Fig. 
I shows that the three compounds were taken up into 
the cells at different rates: the uptalce or DBSP, being 
62 nmoks in 60 min, represented 17 per cent of the 
dose. For ICG and APAEB these percentages 
amounted 4 1  and 7.5 respectively. The cdlular ac­
cumulation of DBSP reaches an e<juihbrium after 
about 30 min, in which state the amounts of the drug 
• Vonk er al .. to be published 
taken up and released by the cells are equal. Uptake 
of !CG and APAEB is linear for a longer period. 
Because an equilibrium was reached with DBSP a 
pharmacokinetic analysis of the uptake experiments 
according to a closed two compartment model with 
this drug could be performed. In this analysis the cells 
were regarded as compartment one and medium as 
compartment two, allowing the calculation or rate 
constants for both release and uptake processes, being 
0.094 min - •  (r1 1) and 0.020 min - •  (r2. ) respectively. 
The uptake at O' was very small, which indicatc:s 
that the presence of the material detennined in the 
cell fraction is not due to unspecific absorption at 
the outside of the cell membrane. Uptake at 37" 
occurred in spite of the presence of 2% bovine serum 
albumin in the medium. which binds both DBSP and 
!CG with high affinity. 
The concentration of the compounds used in the 
medium was in the same range as the plasma concen­
tration of the substances after i.v. injection• [4] in 
vivo. 
Release studies. The release or the various com­
pounds from the cells is shown in Fig. 2. !CG had 
the lowest tendency to leave the cells: after 60 min 
only 13 per cent of the original amount in the cells 
was found in the medium, whereas in case of DBSP 
and APAEB after 60 min up to 8 1  per cent and 50 
per cent was released from the cells. Also in the 
release experiments with DBSP a final· equilibrium 
was reached, which allowed a pharmacokinetic analy­
sis similar to that performed in the uptake studies. 
The rate constants for the release and uptake pro­
cesses were found to be 0.090 min- • (r1 2) and 
0.021 min - • (r2 1 )  in accordance with the uptake 
studies. The release of APAEB was linear in time, 
while in case of !CG no reliable rate constants could 
be calculated because of the short lasting first phase. 
The release of drugs from the cells was also a tem­
perature dependent process : at o• no material was 
released in the medium. 
Uptolce of drugs "' 1sOlohd hepotocytu 
L O  @ 122}'M DBSP (ii) 25 }'M ICG © 98J.1M APAEB 
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Fig. I. Net uptake of DBSP. ICG and APA EB in isolated hepatocytes. Drug concentration in medium 
at t - 0 was 122 µM, 25 µM and 98 µM respectively. 
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lttleose of drugs from isolated hepatocytes 
@ OBSP n•4 (jj) ICG n•  L © APAEB rh l 
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0 10 20 JO L0 50 60 
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Fig. 2. Net release or DBSP. ICG and APAEB from isola1ed hcpatocytes. Cellular drug content at 
1 - 0 was 3.8, 1.7 and 0.52 nmoleslmg dry weight respectively. 
Comparison in vivo-isolated cells. The best way to 
compare the transport processes in vim and in iso­
lated hepatocytes is comparison of the pharmacokine­
tic parameters in both situations. Unfortunately these 
could only be estimated for DBSP m the isolated 
hepatocytes. Rate constants for hepatic DBSP trans­
port according to an open two compartment model 
(plasma compartment one, liver compartment two) 111 
�fro were 0.58 nun - •  (plasma-liwr) and 0. 1 1 8 min - • 
(liver-bile)•, while the volume of distribution of com­
partment one was 13.0 ml. According IO Weibel et 
al. [ 17] X3 per cent or liver-mass is formed by hepato­
cytcs and 1 .0 g liver - 1 50 x 106 cells. With these 
data the in viL'O plasma clearance constant per to• 
cells could be calculated: 76 x 10 - • ml min - • .  The 
s;:ime parameter in experiments with hepatocytes 
(clearance of the incubation medium: V, � 3 ml) was 
40 x I0 " 4 ml min - 1 • 
For the excretion process rate constants (fraction 
released from hver or cells per min.) can be directly 
compared. The rate constant for biliary excretion in 
�ivo was 0. 1 1 8  min - 1 •  while with isolated hepatocytes 
a rate constant for the release of 0 092 min - • was 
found. 
With regard to the other two drugs no direct com­
p.1ri<on in vivo-isolated hepatocytes could be made. 
However, it was possible lo compare the mean clear­
ance by the isolated hcpatocytes (ml min) with the 
mean hepatic clearance in vivo. Clearance was calcu­
lated by d1V1ding the tollll amounts of drug taken 
up in the liver or hepatocytes during the first 20 min 
pciiod per. min by the mean plasma or medium con­
centration in that period. Ratios betweer. mean clear­
ance in vim and mean clearance by hepatocytes were 
0.40, 0.25 and 2.23 for DBSP, lCG and APAEB re­
sp�ctivcly. Furthermore, the amounts released from 
the hepatocytes and biliary excretion in vivo, as per 
cent of the total amount which had been taken up 
in the liver, has been compared The ratto blliary 
excreuon-cellular release was 0 8), 0.82 and 1 .27 for 
DBSP, !CG and APAEB respectively. Additional 
data concerning cytosol content and binding to cyto-
• Vonk 1•! al . to be published. 
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so l  proteins• were given (Table I 8), which should be 
considered in the explanation of differences in cellular 
transport of the compounds showing that ICG is 
much more associate with liver cell particles and cyto­
sol proteins than DBSP and APAEB. 
I njluence of bile sales. The influence of bile salts 
on transport of the three compounds was subse· 
quently tested In uptake experiments (Fig. 3a) 
1.0 mM taurocholate had' a distinct effect on the 
amount ICG present in the hepatocytes during 60 min 
incubation time. The effect of 1 .0 mM taurocholate 
on the net release or ICG (Fig. 3b) was much less 
pronounced and even absent in the initial part of the 
ex penment. In uptake and release experiments with 
DBSP similar effects of 1 .0 mM lllurocholate could 
be observed (Fig. 4� Pharmacokinetic analysis of the 
release curve of DBSP tn presence of taurocholate 
revealed that r 1 2 amounted to 0.090 and r 21 was very 
small. 
To chara�terizc the effect of taurocholate on trans­
port of both compounds, we studied the concen­
tration dependency of the e!fl.-ct. The influence of 
various concentrations taurocholate on net uptake of 
DBSP. ICG and APAEB is shown in Fig. 5. The 
amount of DBSP, ICG and APAEB in the cells after 
30 min incubation time with the particular drug, in 
presence of bile salts. expressed as percentage of the 
cellular content in control experiments without bile 
salts, 1s represented as a function of the log taurocho­
late concentration. With all three compounds used, 
lllurocholate concentrations of 0.05-3.3 mM caused a 
reduction of the amount of dmgs present in the cells. 
In all experiments the concentration, which resulted 
in a 50 per cent effect could be calculated ( 1 00  per 
cent effect was defined as the difference between 
3.3 mM and 0 mM taurocholatei In the experiments 
with DBSP, ICG and APAEB this concentration was 
0.07 mM. 0. 10 mM and 0.06 mM respectively. The 
same experiments were performed with ICG and 
dehydrocholate, a concentration of 0. 1 1  mM resulted 
in 50 per cent inhibition. Viability tests with Trypan 
blue and enzymehistochemical investigations indi­
cated that the observed effect of bile salts was not 
due to cdl damage. Moreover. determination of intra-
Table I. 
A. I . .olated hepaloqt<S (t - 20) 
uptake studies release studies 
mean 
Clearance release 
(ml/mm/106 cells) (7.) 
DBSP 254 x JO-• 71 I 
( 1 22 µM) 
JCG 429 x JO-• 8.8 
(25 11M) 
APA EB 30 x IO • 25.6 
(9S µM) 
8. Jn VIVO (1 = 20) 
mean 
Clearance bole cytosol bonding to Y, Z 
(mlfmin/106 cells) (%) (%) (%) 
DBSP w2 x w-• 59.2 74 60 
(7 5 µmoles/kg) 
JCG 1 08 x JO-• 7.2 1 7  >95 
( 1 2.9 µmoles/kg) 
APA EB 67 x w-• 32.4 47 <4 
(35.3 µmoles/kg) 
(A) Data concerning hepatic transport or DBSP, ICG and APAEB in isolated hepatocytes 
dunng the first 20 min on uptake or release experiments. Uptake is expressed as mean clear­
ance (mlfmin/J06 cells� calculated as (!J.Q/!J.t)/c = k (amount taken up in the cells during 
20 min expressed per min, divided by the mean medium concentration� Release is the percent­
age of the 1mllal amount in the cells. 
(B) Pharmacokonetic data concerning hepatic transport of DBSP, ICG and APAEB in 
cn·o 20 min after 1.v JnJcCt10n. Uptake is expressed as mran clearance. calculated as 
(!J.Q/!J.1)/c � k. The amount lak<n up (!J.Q) IS the sum of the amount in the liver at I= 20 
and the amount excreted in b1Je during 20 mm. C 1s the mean plasma concentration in 
the 20 mm pcnod. Excretion m bile is exprcssect as percentage of 6.Q. The amount in the 
cytosol IS dc«rmined after homogenoza11on with sucrose-phosphate buffer and bmding lo 
Y and Z proteins on cytosol was determined by geliiltrallon on a Sephadex G-7SS column 
(Vonk t'l al., lo he puhh>hed� The amount of drugs present in the Y and Z elution fractions 
1s exprcs!ted as percentage of the total amount present m the supernatant apphcd to the 
column. 
cellular potassium concentrations indicdted that no 
loss of potassium occurred due to the presence of 
1.0 mM taurocholate. 
The effect of various taurocholate concentrations 
was also studied on the release of the three com­
pounds out of the cells (Fig 6� In experiments with 
ICG and APAEB, taurocholate caused hardly any 
effect on the amount of the drug in the cells after 
30 min release time. Ewn .with the highest taurocho­
late concentrations being 3.3 mM, no distinct effects 
could be observed. With DBSP (Fig. 6a) the situation 
was more complex. With 0.5 and 1.0 mM taurocho­
late, the amount DBSP in the cells was reduced com­
pared with controls, while at 3.3 mM taurocholate, 
no change in cellular content of DBSP was d<!tcctcd. 
Assuming that also at this higher concentration 
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Fig. 3. lnHuence of taurocholate on (a) uptake of ICG (I = 0, 25 µM) and (b) release of ICG (1 = 0, 
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Fig. 4. lnftuence of taurocholate on (a) uptake of DBSP (r = 0, 1 22 µM) and (b) release of DBSP 
(r = 0, 3.8 nmoles/mg dry weighti .A. = 1.0 mM taurocholate (n = 4) • = 0 mM taurocholate. 
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F18. S. lnftuence of various taurocholate concentrations on 
net hepatic uptake of (a) DBSP (r � 0, 122 µM) (b) ICG 
(t - O. 25 µM) nnd (c) A PA EB (t • 0, 98 µMi The per cent 
relative uptake is the c-cllular drug content after 30 min 
incubation compar<d to cellular drug content in control 
experiments without hile salts. n .. 3. 
laurocholate rcuptake is still blocked. it follows that 
Ibis is compensated for by a slower release of DBSP 
from the cells. 
En:ymehistoch�mical studies. By enzymehisto­
chcmistry we studied the presence of three enzyme 
activities, which w�re reported to be localized in the 
plasma membrane of the hepatocytc at the bile canali­
cular side in vivo: 5'-nucleotidasc. ATP-asc and lcu­
cyl-P-naphthylamidase. It was found that the first 
cn1yme. 5'-nucleotidase showed a pattern of sharp 
88 
bands on the cell surface (Fig. 7). which were 
branched in some cases. The ATP-asc activity showed 
faintly stained bands, while the leucyl-P-naphthyl­
amidase activity could not be visualized. 
In Fig. 8 the same enzyme activities are shown for 
liver sections, which were incubated for 30 min with 
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Fig. 6. lnHuence ol various taurocholate concentrauuns on 
net release of drugs after cell loading with (a) DBSP 
(3.8 nmolcs/mg dry weight) (b) ICG (1.7 nmoles/mg dry 
weight) (c) APA EB (0.52 nmoles/mg dry weighti The per 
cent relative cellular content is the cellular drug content 
af1cr 30 min rekasc time compa1't!d with cellular drug con-
tent in control experiments without bile salts. n � 3. 
0.05% collaFnase in Tris buffer. Also in this pre� 
aration the same differences between the three enzyme 
acti\;ty patterns could be observed After collagenasc 
treatment 5'-nucleotidasc activity remained un­
changed. ATP-asc showed a decreased activity, while 
leucyl-fJ-naphthylamidase activity was absent This in­
dicates that the proteolytic activity of the collagenase 
preparation may modify membrane bound enzymes 
during the isolation procedure. 
DISCUSSION 
Isolated hepatocytes may be a useful tool in the 
study of hepatic transport mechanisms. Important 
faclors. which influence the hepatic uptake process 
such as bloodflow, concentration gradients between 
perilobular and centrolobular regions and the pres­
ence of other cell types like endothelial cells and 
Kupfrer cells. are omitled Several studies dealing with 
uptake of drugs in isolated hepatocytes were already 
described [18-21). The present study confirms that 
isolated cells arc able to take up drugs from the 
medium and accumulate high intracellular amounts. 
Pharmacokinetic analysis of uptake experiments of 
DBSP provided rate constants for the uptake and 
release proceues of 0.020 and 0.092 min - 1 respect­
ively. The release experiments with DBSP confirmed 
this result: very similar rate constanu of 0.021 and 
0.090 min - 1 were found. In the presence of LO mM 
iaurocholate the r11 e constant for uptake was de­
creased lo virtually zero whereas the rate constant 
for release was not affected (0.090 min - 1 ). This indi­
cates that laurocholaie only influenced the uptakt or 
DHSP. but in contrast did not have any effect on 
the release process. The inHucncc of taurocholate 
observ�J in the release of DBSP (see Fig. 4b) is there­
fore probably due to inhibition of the re-uptake. 
which can be observed most clearly in the last part 
of the e'perimcnl Inhibition of re-uptake could not 
be detected with ICG and APAEB because the release 
of both compounds was relatively slow. 
The possibility that intracellular taurocholatc con­
centrations were too low in th.: first part of the release 
experiments to e.,ert any effect can be ruled out, 
because control studies revealed that taurocholate is 
taken up by the cells very fast in accordance with 
Schwarz et al. (19) (in uptake studies a preincubation 
of 5 min with taurocholate was used). 
The nature of the inhibitory effect of taurocholate 
on hepatic uptake of drugs is yet unclear. Detergent 
like effect o( bile salts on hepatic plasma membranes. 
recently reported [8, 9) may alfocl the transport sys­
tem across these membranes in a non-competitive 
manner. But dehydrocholate as well as taurocholate, 
having different detergent properties, show the same 
inhibitory potency. Another possibility could be com­
petition between bile salts and the drug in the uptake 
process. However, both the uptake or the organic 
cation APAEB as well as the uptake of the organic 
anions is influenced by taurocholate with roughly the 
same 50 per cent effect concentration. According to 
Rcichen and Paumgartner [22) anion• hke ICG and 
bile salts are taken up via different carriers into the 
hepatocytes. The inhibition of the uptake or APAEB 
• Vonk �I al., to be published. 
by taurocholate, however, is not complete with the 
highest concentrations of taurocholate in contrast to 
the anions used (Fig. 5). Further studies have to be 
performed to elucidate the nature or the effects of 
bile salts on uptake of these drugs in hepatocytes. 
The inhibition of hepatic uptake of drugs by high 
plasma concentrations of bile salts may have conse­
quences for the in vivo situation. In physiological con­
ditions the plasma concentrations of bile salts in rats 
is too small (about 0.0! mM) to exert any effect. Ad­
ministration of small amounts of bile salts by con­
tinuous infusion ( 106 µmolesjhr ;  [10]) may have 
besides a stimulatory effect on bili.iry excretion of 
drugs, small inhibitory effects on hepatic uptake of 
the drug, because of the plasma concentratior. of 
about 0.08 mM. At high doses of bile salts mhibitory 
effects on hepatic uptake could be observed in vivo 
�nd in isolated perfused rat liver experiments.• Also 
in pathological conditions (cholestasis), with high 
plasma bile salt levels, a high retention of BSP or 
bilirubin may be caused by effects of bile salts on 
hepatic uptake of both compounds. 
A di sad vantage of the use of isolated hepatocytes 
is the difficulty establishing the direction of tran•port 
in the cells. The observed release from cells may re� 
resent the biliary excretion process as seen in vil'o 
but might also reflect the transport out of the liver 
across the sinusoidal part of the plasma rn.:mbranes. 
Using cnzymehistochemical m�thod;; we could 
demonstrate that 5'-nucleotidase and ATP-ase in the 
isolated cells are �ull situated in restricted >lies on 
the cell surface. The dis.ippearance of the third 
enzyme, Jeucyl-,0-naphthylamidase is probably caused 
by the collagenase treatment. The difference in 
enzyme activities after isolation of the cells may be 
caused by c!11ferences in membrane locahzataon of the 
three enzymes. 
The observations with 5'-r:udeotidase and ATP-ase 
suggest the presence of "a canalicular side" of the 
hepatocytes: however, it remains lo be proven 
whether this part or the membrane still participates 
in the excretion process. The onservation that tauro­
cholate only alli!cts the uptake process and not the 
relc:ise process suggests that these processes do not 
occur in the same membrane r�ion (with opposite 
directions). This might favour the idea that the 
observed release i:o not due to transport at sinusoidal 
sites, but represents the b1hary excretion prOCt!ss. 
Support for the hypothesis that the release process 
in isolated hepatocytes is identical to the biliary 
excretion process in vivo. can also be derived from 
the pharmacokinetic data. The biliary e�cretio11 mte 
or DBSP rn t•ivo and the rate of rcleuse in isolated 
hepatocytes were in the same range, as well as the 
c/�ara11ce c011.11unrs of DBSP rn 1•ivo and in isolated 
hepatoc; tes. Also the rather small variations in the 
ratio of the mean clearance 1n vfro and in isolated 
hepatocytes of the three compounds and the small 
variations in the ratio of mean release in virn and 
isolated hepatocytes of the three compounds rra01e 
I). suggest identical processes. 
The comparison of the pharmacokinetic dam fur­
thermore indicate that the transport capacity of the 
isolated hepatocyte� is preserved after tho isolation 
procedure used in the present study. 
The slow release of ICG from the hepatocytes com-
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Fig. 7. Cytochemical distribution of three bile canalicular membrane-bound enzyme activll1es m isolated 
hepatocytes. (a) 5'-nucleotidase activity. Sharp llny bands are present on the cell surface. Branches 
can be seen (-). Magnification was 200 times. (b) ATP-ase activity. Only di ffuse bands (-) of act1V1ty 
are present x 200. (c) leucyl-P-naphthylamidase. No activity can be detected. x �00. 
Fig. S. Histochemical d1stnbution of lhr�e bile canahcular ml!mbrane bound enzyme: act1v111es m hver 
sections treated with Trts-bulfcr ( 1 )  or with buffer + coUagenase {2). a1a1 5 -nucleottd.&se at:Uv11y: coJla­
genase treatment does not influence enzyme activity. x 80. h , h, ATP-ase activity: locally enzyme activtty 
hos been disturbed by collagenasc treatment. x 80. c1c2 leucyl-P-naphthylam1dase: enzyme achvity 
has disappeared aher collagenasc treatment. x KO 
'· 
pared to DBSP may be due to the low intracellular 
concentration or !CG (Table IB). Most of the !CG 
wa • bound to cellorganelles, while almost I 00 per 
cent or the amount present in cytoplasma was bound 
to Y and Z proteins (Table I B). The transport maxi­
mum irl vivo or !CG is also much lower than that 
or DBSP (70 and 1200 nmoles/min/kg b.w. respect­
ively; [ to]i . 
In our experiments no stimulatory effect of tauro­
cholate on release of drugs could be found The high­
est taurocholate concentration used in these experi­
ments was 3.3 mM. The total concentration of tauro­
cholate in bile in vivo is about 15 mM ;  however, the 
major part or bile salts in bile is sequestered in biliary 
micelles. The free concentration of taurocholate in 
bile is about 3 mM, as determined by sedimentation 
of biliary micelles by ultracentrifugation•, while the 
critical micellar concentration of taurocholate in 
saline has about the same value [23]. Thus, the high­
est taurocholate concentration used in the present ex­
periments with isolated hepatocytes is in the same 
range as the free concentration or taurocholate in bile. 
If chanaes in this free concentration are responsible 
for the membrane effects in vivo resulting in an in­
crc:ised biliary output of organic anions, the same 
effects would also be expected to occur in the present 
experiments with isolated hepatocytes. However, such 
a stimulatory effect was not observed in our studies. 
Thererore, the hypothesis, that bile salts have a direct 
effect on the canahcular membrane, explaining stimu­
latory effects on the biliary excretion process, is not 
supporter! by these experiments. 
Our study does not exclude the possibility sua­
gested by Goresky [ 10], that bile salts activate hepa­
tocytes normally not fully participating in hepatic 
tran�port of drugs, since the onginal lobular localiza­
tion of the obtained isolated hepatocytes remains to 
be investigated 
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S U P PL EMENT V I  
T H E  I NFL UENCE O F  B I L E  SALTS O N  THE H E PAT I C  TRANSPO RT O F  T H E  
O RGAN I C  AN I O N  D I B ROMOSUL PHTHAL E I N  ( DB S P ) 
ROEL VON K ,  MEI NDERT DANHO F ,  T H EO COENRAAD S , ADRIAAN VAN DOOR N , 
KATJA KEUL EMANS , ARNOLD S CAF AND D I RK M E I J ER 
SUMMARY 
The influence of bile salts on hepatic transport of the 
organic anion dibromosulphthalein (DBSP ) was investigated in rats. 
The two main sites of interaction of bi le salts with hepatic 
transport of DBSP , were found to be on the leve l of the primary 
hepatic uptake and the biliary excretion . The contribution of 
both interactions to the final e ffect depends on the administered 
dose of b i le salts and DBSP . 
Re lative ly high doses of bi le salts i nhibited hepatic uptake 
of DBSP . 
Re latively low doses of bi le salts stimulated bi le f low and 
simultaneously increase maximal biliary excretion of DBSP . Thi s  
stimu latory e ffect was observed a t  varying doses of DBSP , but was 
most pronounced at the dose of DBSP which resulted in a saturated 
biliary excretion . When the uncharged non-bile salt choleretic 
ouabain was used , also a stimulation of bi liary DBSP output was 
found ; in contrast , the anionic non-bi le salt choleretics etha­
crynic acid and theophylline did not stimulate biliary excretion 
. f d . h 1 4  h . ' d  d of DBSP . Experiments per orme wit C-et acrynic aci suggeste 
that DBSP and 1 4c-ethacrynic acid and/or metabolites i nhibited 
each others transport , whereas DBSP did not influence the biliary 
excretion of taurocholate . 
Biliary transport maximum of DBSP was highly correlated with 
bile f low . The bi liary clearance constant was only moderate ly 
changed by bi le salt administration , whereas the increase in the 
maximal biliary excretion rate was more pronounced , suggesting an 
increase in Vmax of the biliary excretion process , but also a 
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smal l  increase in the apparent Km . The most l ikely hypothesis to 
explain the increase in Vmax is , that in case of DBSP a reversed 
transport from bile exists , and that the stimulation of net 
biliary excretion of DBSP is due to a diminished back transport 
from bi le as the consequence of the decreased biliary concentrat­
ion caused by the choleresis .  
INTRODUCTION 
Effects of bile salts on hepatic transport of drugs have 
been reported in many studie s .  Several authors observed a 
stimulatory e ffect of bile salts on biliary excretion of some 
organic anions ( 4 ,  7 ,  1 5 , 1 8 ,  42 , 44 , 5 1 )  but also inhibitory 
e ffects of bile salts on hepatic transport were observed ( 6 ,  39 , 
5 4 ) . To explain the stimulatory e ffects of bile salts on the 
hepatic transport process , several hypotheses have been proposed : 
a .  an enhanced bi le flow , induced by the bile salts , stimulates 
biliary excretion of drugs ( 7 ,  1 0 ,  1 5 ,  42 , 4 4 )  
b .  bi le salts per se have a specific effect on the biliary 
excretion process ( 2 ,  3 ,  4 ,  1 2 ,  16 , 1 8 ,  20 )  
c .  the number of  hepatocytes ,  participating in bi liary excretion 
of drugs is enhanced by the bile salts ( 2 1 )  
d .  bile salts increase the rate o f  the hepatic uptake o f  drugs 
( 36 )  
In  thi s study , the influence o f  bi le salts and other cholere-
tics on pharmacokinetics of an organic anion , phenol-3 , 6-dibrom-
phthalein disulfonate ( DBSP )  , which is not subj ect to biotrans­
formation ( 26 , 3 0 )  was investigated in order to test the above 
mentioned hypothe ses .  Biliary excretion of DBSP was found to be a 
bile f low dependent proces s .  An explanation for thi s  phenomenon 
might be the existence of a reversed transport of DBSP from the 
biliary tree . 
MATERIALS AND METHODS 
Experiments in vivo 
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Animal experiments were performed on the same period of the 
day from 9 . 00 ti l l  12 . 00 a . m . , because of the circadian variation 
of bi le f low and bi liary bile salt and DBSP output ( 5 5 )  . Male 
Wistar rats ( 280 - 3 1 0 g ) , which had free access to food and 
water , were anesthetized by an intraperitoneal injection of sodium 
pentobarbital (NembutalR) ( 60 mg/kg) and arti ficially respirated 
during the experiments . After an abdominal midline incision , the 
renal pedicles were l igated and the bi le duct was cannulated 
with polythylene tubing . The body temperature , measured rectally , 
was maintained at 37 . 5  a 38 . 0°c by means of a heating lamp . Via 
the carotid artery , blood pressure was measured in order to check 
the general condition of the animal and blood samples of about 
1 5 0  µ l  were taken and collected in heparinized capillary tubes 
( Sherwood , Med .  Ind . Inc . , St . Louis ,  U . S . A . ) .  Infusions 
( 3 . 8  ml/h) were given via the j ugular vein by means of a Braun 
( Me lsingen , Germany ) constant infusion pump . Constant infusions 
of choleretics were preceded by a priming dose of 0 . 5  ml of the 
infusion solution . By this procedure bi le production was fairly 
constant ,  30 min after starting the infusion . At that moment , 
about 45 min after cannulation of the bile duc t ,  when output rate 
of endogenous bi le salts was stabilized ( unpublished observations ) 
a single inj ection of the dye was given via the same j ugular vei� 
Isolated perfused rat liver experiments 
Ouabain experiments were performed in the experimental setup 
as described by Me ijer and Weitering ( 37 ) . In all other experi­
ments 1 00 ml erythrocyte-free perfusion medium was used , 
containing Krebs-bicarbonate solution and 1 % albumin . In these 
experiments with erythrocyte-free perfusion medium sufficient 
oxygen supply was provided by an enhanced perfusion rate of 
35 ml/min . To replace the bile salts , physiologically originating 
from the enterohepatic circulation of bile salts , in all experi­
ments an infusion of 15 µmoles/h of taurocholate was given . The 
viabi lity of the i solated perfused l ivers was tested by measuring 
perfusion flow through the liver , pH of the perfusion medium and 
the bile f low . The latter amounted in control situations to about 
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1 2  µ l /min . I n  some experiments , bile salts were added by a 
continuous infusion and 30 min after starting the infusion , 
DBSP was added to the medium . Bile was collected in the first 
forty min in 5 min fractions and afterwards in 10 min fractions ; 
samples of the perfusion medium were taken at 2 ,  4 ,  6 ,  8 ,  1 0 ,  1 5 , 
2 0 ,  30 , 4 0 ,  50 , 60 , 80 , 1 00 and 1 2 0  min be fore passage through 
the liver . 
Determination of subce l lu lar distribution 
Twenty min after inj ection of the drug , the live r  was 
perfused in situ via the portal vein with 50 ml saline and 
removed from the anima l .  In contrast to the method used previously 
( 38 ) , in the present experiments a 25 % liver homogenate in 
0 . 01 M sucrose - 0 . 0 1 M phosphate buffer (pH 7 . 4 ) was prepared , 
according to procedures used for determination of dye-binding 
to cytosol prote ins ( 3 2 ) . The homogenate was prepared by using 
a Teflon-glass motor driven Potter-Elvehjem homogenator . The 
homogenate was centrifugated at 4°c during 1 20 min at 1 60 . 000 g 
in a Spinco u ltracentrifuge . After centri fugation the supernatant 
and the sediment was resuspended in sucrose-phosphate buffer and 
samples of the supernatant and the sediment suspension were taken 
for determination of drug content . From the supernatant a sample 
of four ml was subj ected to column chromatography with Sephadex 
S 75-S . The column ( 0  2 . 5  cm , h 83 cm) was e luted with 0 . 0 1  M 
phosphate buffer pH 7 . 4  ( 1 6 ml/h) at 4°c and four ml fraction 
was collected in which protein content (E 280)  and DBSP were 
measured . 
Calculation of cytos o l  concentration 
Cytosol concentrations of APAEB and dTc were estimated from 
the supernatant concentration after ultracentri fugation of live r  
homogenates , according t o  the method described earlier ( 3 8 ) . Some 
modifications of that method were introduced : the volume of the 
biliary tree in rat l iver was assumed to be 0 . 32 % of the liver 
weight ( 1 7 ) ; 3 volumes of 0 . 0 1  M sucrose - 0 . 0 1  M phosphate 
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buffer for each g of l iver were used i nstead of 1 . 5 volume of 
0 . 1 5 M KCl ;  redistribution between cell organelles and cytosol 
during homogenisation was assumed not to occur . Drug concentrat­
ion in the hepatic extrace l lular space was neglected , because 
vascular perfusion of the l iver in situ with 50 ml saline wi ll  
remove most of the extracel lular drug , assuming that the exchange 
of drug between plasma and extrace l lular space outside plasma is 
sufficiently rap id .  Cytosolic concentration was calculated in 
this case from the expression : 
Ccyt 8 . 098 csup - 0 . 007 Chi le " (derived from calculations of 
Me ijer et al . ( 3 8 ) . 
Binding of drugs to biliary mice l les 
Relative binding of drugs to biliary micelles was studied 
by means of ultracentri fugation of bile , according to the pro­
cedure previously de scribed ( 5 2 ) . DBSP was added to bi le in 
vitro to a concentration of 9 . 2  mM .  Binding of various bile salts 
to biliary micelles in bi le , obtained after infusion of 
1 06 µmoles/h of taurocholate or dehydrocholate , was also measured. 
Bile was collected during two hours from several rats , which 
received the particulate bi le salt infusion , was subsequently 
pooled and centrifugate d .  
Chemical compounds 
The chemicals used were obtained from the following sources : 
DBSP : Societe d ' Etudes et de Recherches B iologiques ( SERB ) , 
Paris , France ; ouabain ( g-strophantin ) : Merck A . G .  Darmstadt , 
Germany ; sodium dehydrocholate and sodium taurocholate : Fluka 
A . G . , Buchs , Switzerland ; theophyl line , chelate , glycocholate , 
taurodeoxycholate , taurodehydrocholate and glycodehydrocholate : 
Calbiochem (San Diego , Cal . , U . S . A . ) ;  ethacrynic acid and 
1 4c-labelled ethacrynic acid was donated by Merck , Sharp & 
Dohme , Haarlem , The Netherlands ; 3H-taurocholic acid : New England 
Nuclear Inc . , Boston , U . S .A .  
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Chemical ana lysis 
DBSP was determined in bile and plasma . 50 µl p lasma was 
diluted with 5 ml 0 . 1  N NaOH and measured spectrophotometrically 
at 580 nm . 10  µl of bile was diluted with 10  or 20 ml 0 . 1  N NaOH 
and measured in the same way . After injection of DBSP , bi le 
samples were subj ected to thin layer chromatography in order to 
study possible chemical modifications . Thin layer chromatography 
with Silicage l 60 F (Merck A . G . )  and n-butanol , acetic acid and 
distil led water ( 4  : 1 : 2 )  did not indicate that DBSP was 
metabolized , which is in accordance with Javitt ( 26 )  and 
Klaassen & Plaa ( 3 0 ) , but in contrast with Javitt ( 2 7 ) . In the 
latter report , 3-6 dibromosulphthalein has shown to be ( partly) 
conjugated with g lucuronic acid in Gunn rats . 
Bi le acid and cholesterol were determined according to the 
method of Roovers , Evrard & Vanderhaeghe ( 4 5 )  and Van Berge 
Henegouwen , Ruben & Brandt ( 4 8 )  with minor modifications . After 
methylation , the bile acids were chromatographed as the ir tri­
f luoroacetate derivatives on a column of 1 % OV-2 1 0  on Cromosorb 
W-HP 1 00- 1 2 0  mesh and analyzed by flame ionization in a Packard­
Becker Model 4 1 9 gaschromatograph . Combined gas-liquid chroma­
tography/mass spectrometry was carried out on the tri fluoroace­
tate derivatives . A Varian Mat 1 1 2 mass spectrometer at 70 ev 
with an accelerating voltage of 820 V and a scan time of 200 
mass units/sec was used . 
Radiochemical analysis 
3H-taurocholate and 14c-ethacrynic acid were e stimated with 
a liquid scinti llation spectrometer (Nuclear Chicago Mark I I ) . 
P lasma and b i le samples were disso lved in 1 0  ml of aquasol ( New 
England Nuclear Corp . , Boston , Mass . ,  U . S . A . ) . The samples were 
counted at an efficiency of about 8 5  % for 1 4c and 35 % in case 




Intrinsic clearance of DBSP i n  i solated per fusion experi­
ments was calculated from the mean hepatic c learance us ing the 
equation Cl . l. F x ----­F + Cl . l. 
( 57 )  
F :  perfusion flow through the live r ;  ClH : mean hepatic clearance , 
which was calculated from the dose and area under the plasma 
disappearance curve ( 57 ) . S ince perfusate flow was constant 
during the perfusion experiments ( 35 ml/mi n ) , Cl . ( intrinsic 
l. 
c learance ) could be calcul atPd . The latter parameter describe s  
clearance due to the bi liary excretion ( ml/min )  . This proces s  
can also b e  conceptualized b y  the V jK ratio ( 5 7 ) . ma m 
Stati.., tical analyais 
Statistical comparisons were made using Wilcoxon tes t .  
Unless speci fied otherwise , the term " s ignifi cant" means a p 
value of less than 0 . 05 .  
RESULTS 
J;• v 'v::; experiments , the e:"fect o."' bile salts 
B i liary excretion of DBSP in vivo was measured after 
inj ection of 2 . 5 ,  75 and 1 5 0  µmoles/kg body wt . ( Fig . 1 ) . The 
maximal biliary excretion rate (Tm) , obtained with the latter 
dose , was 1 . 7 4  µmoles/min/kg body wt . Administration of 
1 06 µmoles/h of dehydrocholate stimulated biliary excretion of 
DBSP . This  stimulatory effect was dependent on the dose of DBSP 
used : the i ncrease i n  the top of the excretion curve was most 
pronounced with a dose of 1 5 0  µmoles/kg , while the increase i n  
the top with 2 . 5  µmoles/kg was smal l .  In case of the latter dose , 
the semi logarithmical ly plotted descending phase of the bi liary 
excreti on curve was l i near and the s lope could be calculated . In  
the control experiments the mean half l i fe was 5 . 7  min ,  whi le 
duri ng dehydrocholate adminis tration it was o nly s lightly lowe r .  
The dose o f  1 5 0  µmoles/kg body wt . was used to investigate 
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Fig . 1 .  Biliary excretion o f  DBSP ( nmoles/min/kg body wt . )  in 
vivo after injection o f  DBSP a. 2 . 5  µmoles/kg ; b .  75 µmoles/kg ; 
and c .  1 5 0  µmoles/kg during infusion of saline ( o---o) and 
1 06 µmoles/h of dehydrocholate ( ...----. ) .  Mean values S . E .  amounted 
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Fig . 2 .  In vivo correlation between transport maximum of DBSP 
( DBSP Tm) and bile flow after inj ection of 1 5 0  µmoles/kg of 
DBSP during administration of saline ( o ) , administration o f  
1 06 µmoles/h of chelate (V) , taurocholate (� ) , g lycocholate (e l , 
dehydrocholate (0) , taurodehydrocholate <•> , g lycodehydrocholate 
( + )  or 25 µmoles/h of taurodeoxycholate ( x ) . Each point was the 
mean value of four experimen ts . 
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transport of DBSP . In Fig . 2 DBSP Tm in various experiments was 
plotted versus bile flow , induced by administration of 106 µmoles/ 
h of cholate , taurocholate , glycocholate , dehydrocholate , tauro­
dehydrocholate , glycodehydrocholate or 25 µmoles/h of taurodeoxy­
cholate respectively . Taurodeoxycholate was administered in a 
lower dose , because high doses of this bi le salt result i n  
haemolysis and general toxic e ffects i n  the animals .  The bile 
flow , plotted in Fig . 2 represents the mean value observed at 
maximal bi l iary DBSP excretion . A high correl ation ( r  = 0 . 96 )  
between Tm and bile flow was found . Plasma disappearance of DBSP , 
however ,  was only s lightly changed by the se doses of bile salts . 
The mean half lives of the first phase of the biexponential dis­
appearance curves were not altered by infusion of bile salts , 
whereas the half lives of the second phase of the curves were 
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F i g .  3 . B i l i ary excretion of DBSP during admi n i s tration of non 
b i l e  salt cholereti ·s 
a. in i solated per fused ra t l i ver experiments during in fusion of 
saline ( o----o ) ,  or 3 1 . 6 µmoles/h of ouaba i n  (•---. ) after 
addition o f  1 4 . 7  µmoles of DBS P ;  n = 4 
b .  in vivo during i n fusion of sal ine ( o---o) ( n  5 )  o r  in fusion 
o f  6 3  µmoles/h o f  e thacrynic acid ( - ) ( n  5 )  or inJection 
o f  70 . 5  µmoles of theophyl l rne ( {1-{I)  ( n  = 4 )  after i n ] ection 
of 1 50 umoles/kg of DBSP . Mean values + S . E .  
The effects of non-bi le salt cho leretics e thacrynic acid and 
theophy l line 
In experiments in vivo , when theophyl line and ethacrynic 
acid were used as choleretics , no stimulation of biliary output 
of DBSP was observed ( Fig . 3b ) . With ethacrynic aci d ,  in spite of 
a distinct e levation of bile flow , the biliary excretion of DBSP 
was even decreased . Theophyl line stimulated bile flow ,  but failed 
to induce a s ignificant stimulation of DBSP excretion . Both 
theophylline and ethacrynic acid are excreted in bile as organic 
anions , most likely as glucurinide and g lutathion conj ugates 
respective ly ( 3 1 , 3 3 ) . 
To study the possible competition of some of the choleretics 
with DBSP in the biliary excretion process , the influence of DBSP 
on bi l iary excretion of 1 4c-ethacrynic acid and/or metabol ites 
3 and on H-taurocholate was investigated . Fig . 4 shows that DBSP 
o 'JOO µ mol!!s /kg E A  
.&. 1';0 JJmOl !! S  /kg E A  
• JOO µmoles/kg E t.  ..- 150 µmoles t k g  OBSP 
• 150 µmoln /kg E A +  150 µme>les /kg DBSP 
20 LO 60 80 100 mm 120 
Fig . 4 .  Biliary excretion o f  
1 4
c-ethacrynic acid and/or 
1 4  
metabolites ( µmoles/min/kg body wt . )  after inJection o f  C-
ethacrynic acid with addition of saline (o ,  � )  or DBSP ( • .  & l . 
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Fig . 5 .  Medium concentration and bil iary excretion rate o f  DBSP 
in isolated perfused rat liver experiments after addition o f  
7 . 4  µmoles of DBSP during infusion of saline (o---o ) ,  45 µmoles/h 
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Fig . 6 .  Biliary excretion rate , medium concentration and bile 
flow in an isolated perfused rat liv�r experiment after conti­
nuous in fusion of DBSP ( 0 . 57 µmoles/min ) .  Dehydrocholate ( DHC ) 
was given in a singl� dose of 50 umoles . 
. h . . f 1 4  h . . d d/ in ibits hepatic transport o C-et acrynic aci an or 
metabo lites . With 3H-taurocholate s imilar experiments were per-
3 formed . Hepatic transport of H-taurocholate , after injection of 
3 7 . 5  µmoles/kg was not inhibited by administration of 1 50 µmoles/ 
kg of DBSP . 
Liver perfusion expePiments 
The e ffects of bile salts on DBSP e limination in vivo might 
be influencsl by indirect effects such as changes in distribution 
volume and blood flow through the live r .  There fore we investi­
gated the influence of bile salts in isolated perfused rat l iver 
experiments , in which plasma flow was standardized and extra 
hepatic interactions were minimized . DBSP was administered in 
separate series of experiments by bolus inj ection or continuous 
infusion . Fig . 5 shows medium concentrations and biliary 
excretion of DBSP after administration of a bolus inj ection of 
7 . 4  µmoles of DBSP . An increased bile f low was induced by 
60 µmo le s/h of taurocholate , bei ng four times the dose adminis­
tered in the control experiments . The disappearance of DBSP from 
the perfusion medium was s lightly accelerated by taurocholate 
administratioP . Maximal biliary excretion of DBSP was increased 
with 54 % ,  whereas the half life of the descending phase of the 
biliary excretion curve was only increased with 30 % by the 
additive taurocholate infusion . Mean hepatic c learance was 4 . 4  
and 5 . 7  ml/min and the intrinsic c learance 5 . 0 and 6 . 8  ml/min in 
control studies and during taurocholate administration respecti� 
ly . An increased maximal biliary excretion of DBSP was also 
observed after a continuous infusj on of DBSP and administration 
of 50 µmoles of dehydrocholate by s ingle injection . An infusion 
rate of 5 . 7  µmoles/min of DBSP was used , which was about twice 
the maximal biliary excretion rate in isolated perfused l ivers , 
resulting in a rather constant biliary e xcretion and rising 
plasma concentrations of DBSP . I n  Fig . 6 the biliary excretion 
rate , the medium concentration of DBSP and the bile flow are 
shown . Both bile flow and biliary DBSP excretion were stimulated 
by the addition of dehydrocholate . The rise in the perfusion 
1 03 
1 04 
400 ' 85,• 
' 10,. 
,' _ ,.,s 
. .. •50 











' •  
, .  
11s .. ·,o 110��05 
12q• 
b•lt flow l µl/m1n) 
r s 0 995 
(minus 40-70) 
30 
Fig . 7 .  Correlation of b i l e  flow [µ l/min) and bi liary excretion 
rate of DBSP ( pmoles min) in isolated , pe rfused l iver experiments. 
DBSP was administered in a conti nuous in fusion of 0 . 57 µmoles/ 
min and 4 0  min after the start of the infusion of DBS P ,  50 µmoles 
of dehydrocholate were given . The numbers indicate the time 
course a fter starting the DBSP infusion . 




















20 40 60 BO 100 120 
min 
Fig. B .  Medium concentration and biliary excretion rate of DBSP 
in isolated perfused rat liver experiments after addition o f  
7 .4  µmoles of DBSP during infusion of saline ( o---o ) ,  1 06 µmoles/h 
of dehydrocholate ( ---------- ) and 1 5 9 µmoles/h of taurocholate 
( ��-� ) . Mean value + S . E . ; n ;  4 .  
medium concentration of DBSP was initially acce lerated by dehy­
drocholate , but after that it clearly decreased . Relating bile 
flow to biliary excretion of DBSP in these experiments , a high 
correlation was found ( r  = 0 . 99 ) , but only if the 30 min period 
following addition of dehydrocholate ( 40-70 min )  was excluded 
( Fig . 7 ) . In thi s  period biliary output of DBSP was much less 
increased than bi le flow ,  especially in the first twenty min 
after injection of the bile salt . This phenomenon gradually 
disappeared in the course of the experiment . 
The experimental setup of the isolated perfused l iver 
enabled us to study the influence of high doses of ouabain on 
DBSP kinetics . Earlier studies ( 22 ,  4 1 )  showed , that moderate 
doses ouabain can induce a profound choleresis in isolated 
perfused livers . Ouabain was admini stered by a continuous 
infusion of 3 1 . 6  µmoles/h , resulting in a 30 % increase in bile 
flow compared with control e xperiments . Fig . 3a shows an increase 
of the maximal bi liary excretion of DBSP of about 25 % due to 
ouabain choleresis and a somewhat steeper s lope of the biliary 
excretion curve . 
Inhibitor>y effects of bi le salts in liver> per>fusim 
S ince the single injection experiments with dehydrocholate 
( Fig . 7 )  suggested an addi tional e ffect of the bile salt imme­
diate ly after the injection , the e ffect of relatively high doses 
of bile salts on hepati c transport was studied in the perfusion 
setup . In Fig . 8 the influence of two bile salts , taurocholate 
( 15 9  µmoles/h ; slightly above the biliary transport maximum for 
taurocholate ( 39 ) ) and dehydrocholate ( 1 06  µmoles/h ) on pharmaco­
kinetics of DBSP is shown . Besides the first 1 0  minutes of the 
experiments , medium disappearance of DBSP was c lear ly inhibited 
by both bile salts , whi le maximal biliary excretion was not 
stimulated in this case . The s lopes of the biliary excretion 
curves , howeve r ,  were slightly steeper in comparison with the 
control experiments . In simi lar experiments the medium concen­
tration of 3tt-taurocholate during infusion of 1 5 9  µmoles/h was 
measured .  In Fig . 9 the disappearance of DBSP from the perfusion 
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Fig . 9 .  The concentration of DBSP ( ��-�)  and 3H-taurocholate 
( ..--. ) in the medium compartment o f  isolated per f us ed rat livers 
after addition o f  7 . 4  �moles of DBSP and i n fusion o f  1 59 11"1r-lcs/h 
of 
3
H- taurocholate . The broken l ines indicate the 50 t and 75 
inhibitory taurocholate concentrations for hepa tic uptake of 
DBSP in i solated henatocvtes as reported previously ( 5 3 ) . 
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Fig . 1 0 .  Sedimentat ion patterns of b i le after u l tracentri fugation 
( 1 7 h ,  162 . 000 gav ) .  
a .  b i le co l lected from control rats 
b. bile collected from control rats , to which DBSP was added in 
vi tro ( 9 . 2  mM' 
medium during taurocholate infusion and the medium concentration 
of 3H-taurocholate are shown , clearly indicating progressive 
accumulation of 3H-taurocholate in the medium . Within 20 minutes 
of infusion of taurocholate , bi le salt concentrations were 
reached , which in earlier studies ( 5 3 ) were shown to cause a 75 % 
inhibition of DBSP uptake in the hepatocytes . 
Subce llular distribution of DBSP 
Binding of DBSP to the particulate and supernatant fractions 
of liver homogenates , after injection in vivo , was studied to 
investigate the influence of bile salts on intracellular 
distribution . The amount in the liver , 20 min after injection , 
was decreased by bile salts , as wel l  as the calculated DBSP 
cytosol concentration ( Table I ) . The distribution ratio cytosol/ 
particles seemed to be increased by bile salt administration . 
Composition of bi le during bi le salt infus ioH 
To get more information on the composition of bile during 
infusion of bile salts in re lation to the observed stimulatory 
e ffects on biliary excretion of DBSP , bile salt concentration and 
composition as we l l  as micellar binding of DBSP and some of the 
bile salts were studied . Bile was collected duri ng two hours 
from several rats and pooled be fore u ltracentri fugation and 
subsequent gaschromatographic analysis . In Fig . 1 0  the sedi­
mentation patterns of DBSP and of three endogenous biliary com­
ponents are shown . Under the centri fugation condi tions chosen in 
the present experiments , the sedimentation pattern indicated , 
that 65 % of DBSP is associated with cholesterol containing 
mice lles . In Table II the composition of bile afte r  infusion of 
1 06 �moles/h of taurocholate or dehydrocholate is shown . By 
u ltracentrifugation " free "  concentration and % bound to micelles 
were calculated according to the method described previous ly 
( 52 ) . Contrul studies indicated , that the mean bile salt concen­
tration in pooled bile from male rats , col lected from 30 min to 
1 2 0  min after cannulation of the b i le duc t , was 9 . 6  mM ,  of which 
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sal ine taurocholate dehydrochol ate ( 106 µmo l es/h) ( 106 µmol es/ h )  
. . 
% l i ver 24. 5  + 0 . 8  14 . l ±_ 0.9  1 5 . 3  + l . 7  
. . 
conc. cytosol (mM) 0.66 + 0 .06 0.46 + 0 . 04 0 . 34 ±. 0.01  
. . 
% bound to particles 57 ±. 2 51 + 1 48 + 3 
. . 
rati o  cytosol /particl es 0 . 76 ±_ 0 .05  0 . 9 7  ±. 0 . 04 l . 10 + 0 . 12 
Table I .  Hepatic con ten t , concentration in l i ve r  cytosol and 
hepatoce l lular d i s tr ibution ratio of DBSP twe n ty minutes after 
i n j ection i n  vivo of 7 5  pmoles/kg of DBSP during i n fusion o f  
�al ine , taurocholate 1 06 µmole s/h) and dehydrocholate 
( 1 06 µmole s/h) . The amount i n  the l iver i s  expressed as 
percentage of the dose ; the amou n t  bound to partic les is 
exoressed as oercentane of the amount i n  the l iver . 
infusion taurocholate ( 106 µmoles/h) infu•ion dehydrocholate ( 1 06 ,moles/h) 
cone. (�M) "fre�" cone. (mH) t bound to cone. (mH) "free" cone . (mH) t bound to micel l es micell es 
49 . 10:_ 0 . 5 0  16 . 2 2  !. 0 . 6 1  67 !. 2 6.04 !. 0 . 10 3 . 8 1  !. 0.03 36 !. 1 
chenodeoxychol ate 0.92 !. 0 . 0 1  0 . 16 !. o . r15 83 ! 5 0 . 4 7  !. 0 . 02 0 . 1 5  =- 0.02 67 ! 6 
deoxyd1ol ate 0.64 !. o.oo 0 . 14 !. 0 . 06 78 !. 9 0 . 30 :_ 0 .05 0 . 10 !. 0 . 0 3  67 !. 6 
1 t thocho late 0.35 !. 0 . 02 - - o.u9 :. o.ao - -
cho 1 es tero l 0 . 22 !. 0 . 02 0 . 03 ! 0 . 01 85 ! 6 0 . 06 ! 0 . 01 c O.Jl > 85 
dehydrocholate - - -
7 ,  12-d iketo 1 i thocho1 ate 1 3 . 14 !. 2 . 0 3  9 .8 2  ! l . 0 1  24 ! 4 
3 .  7-dihydroxy- 12-k.etocho 1 ate 2 . 88 ! 0. 44 1 . 95 !. 0 . 18 32 ! 6 
7-ltetodeoxycho 1 ate 17 . 82 !. 0 . 5 1  I J. 71 :. 0 . 52 23 !. 2 
total bUe salts 50. 7 16 . 5  67 40 . 8  2 9 . 5  
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total b i l e  flow 1 . 99 ml/h/animal total b i l e  flow 2 . 65 ml /h/anim1l 
Table I I . Bi liary concentration of various components after 
infusion o f  taurocholate ( 1 06 µmoles/h) or dehydrocholate 
( 1 06 µmoles/h) . Bile was collected during two hours from several 
animals and pooled before analys is . Bile was ul tracentri fugated 
( 1 7  h ,  162 . 000 gav ) and the " free" concentration and the percen­
tage bound to biliary micelles subseque ntly determined. Mean 
values ! S . E .  n = 3 .  
40 
about 90 % was conj ugated cholate . Infusion of 1 06 µmoles/h of 
taurocholate and dehydrocholate resulted in a five fold increase 
in total bile salt concentration (Table I I ) . Total bile flow in 
taurocholate and dehydrocholate experiments was increased with 
88 per cent and 1 5 0  per cent respective l y .  'I'otal bi le salt 
output/h was about ten times higher during bile salt infus ion in 
comparison with bi le salt output/h in control experiments . Dehy­
drocholate was almost complete ly metabolized , whi le the formed 
metabol ites , identi fied by mass spectrome try , had a low tendency 
to form bi l iary micelles , in accordance with other studies ( 1 4 ,  
1 9 , 24 , 4 7 ) . Since in control bi le the " free "  concentration of 
bile salts is about 3 . 3  mM, bile salt infusion resulted in a 
considerable increase in the " free "  bile salt concentration . 
DI SCUSSION 
The hepatic transport of DBSP is characte rized by a fast 
hepatic uptake and biliary excretion of the compound . Two hours 
after injection in vivo 85 per cent of a dose of 1 50 µmoles/kg 
body wt . was excreted in bi le in the unchanged form . Total plas­
ma , cytosol and bi le concentration twenty min after injection of 
the compound were 0 . 1 2 ,  0 . 66 and 1 8 . 9  mM respective ly . After 
correction for binding to plasma , cytosolic proteins ( 40 )  and 
binding to biliary mice l les , considerable concentration gradients 
between bile , cytosol plasma were obtained for free drug . 
Since large amounts of DBSP were found to be bound to the 
particulate fraction of liver homogenates ,  the determined cytosol 
concentration might be an overestimation due to homogenization 
artifacts . This would imply , that the bile/cytosol concentration 
ratio would even be higher than it was calculated , but it remains 
uncertain , whether there is real uphill  transport from plasma to 
the cytosol compartment of the liver . Thus , the bi liary excretion 
process probably i s  of an active nature and consequently various 
kinds of interactions have to be expected . 
The binding capacity of the cell organe l les seems far to 
exceed the binding capacity of ligandin and Z protein ( Table I )  , 
which was also reported in case of ICG ( 4 9 ) . I nteractions of 
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drugs on the leve l of binding to ce ll  organe lles therefore , may 
have implications for the hepatic transport of drugs . 
Conflicting re sults concerning the i nfluence of bile salts 
on hepatic transport of drugs have been reported . In some case s 
admini stration of bile salts stimulated biliary excretion of 
drugs , but also inhibitory e ffects or lack of e ffect were reported 
( see Introduction) . In our study concerning the organic anion 
DBSP , the same variations in e ffects were observed : stimulatory , 
inhibitory or lack of effects of bile salts depending on the 
experimental conditions . 
The stimulation of bile flow and biliary excretion of drugs 
by bile salt admini stration in vivo is not due to indirect 
effects such as influences on blood flow and blood pressure , 
because also in perfused rat l ivers under (perfusion medium) flow 
standardized conditions these stimulatory effects were observed . 
The results indicate that the degree , in which dehydrocho­
late stimulates DBSP excretion , is dependent on the dose of DBSP 
used . If DBSP is admini stered in amounts , which results in a Tm 
for bi liary excretion (bolus injection or continuous infusion ) , 
a pronounced e ffect on this Tm caused by bile salt administration 
was found . When a small dose of DBSP was used , which causes a 
maximal bil iary excretion rate far be low Tm ( about 0 . 1  x Tm) , 
only a slight increase in the top of the bil iary excretion curve 
was found . The highe st dose of DBSP , resulting in a maximal 
biliary excretion rate equal to the Tm value , was used to study 
the influence of various bile salts . Bile salts with di fferent 
properties were used : bile salts with a relative ly low choleretic 
effect , together with a strong mice lle forming abi lity and 
detergent potency ( taurodeoxycholate , taurocholate , cholate and 
glycocholate ) ,  and bile salts with a high choleretic e ffect and 
a weak mice lle forming capacity ( dehydrocholate , taurodehydro­
cholate and glycodehydrocholate ) .  
Composition of bile was analyzed in more detail after 
infusion of 1 06 µmoles/h of taurocholate and after infusion of 
1 06 µmoles/h of dehydrocholate . Table II  shows that the total 
bile salt concentration and the percentage of bile salts , incor­
porated into cholesterol containing bi liary micelles is lower 
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after dehydrocholate administration , 50 . 7  and 40 . 8  mM respective­
ly , whereas this value amounted to 9 . 6  mM in control situations . 
The biliary output of bile salts was 1 0 ,  1 0 1  and 108 µmoles/h/ 
animal after sal ine , taurocholate and dehydrocholate administrat­
ion . The " free" concentration of bile salts was distinctly higher 
after dehydrocholate administration , than during taurocholate 
administration , thus the increase in " free "  bile salt output did 
not result in a comparable increase in bile flow . The amount 
cholesterol excreted in bile was signi ficantly ' lower during 
dehydrocholate infusion than during taurocholate infusion , which 
is in agreement with other observations ( 25 ) . Dehydrocholate was 
almost complete ly metabolized , and its metabolites were poor 
mice lle formers ( Table I I ) , which confirmed earlier reports 
( 1 4 ,  1 9 , 2 4 , 4 7 ) . 
When DBSP Tm and bile flow were corre lated in experiments , 
in which various bile salts were administered , a high corre laticn 
coe fficient was found . Within individual experiments with isola­
ted perfused live rs , when DBSP was admini stered by continuous 
infusion and dehydrocholate by bolus injectio n ,  a high corre­
lation was found between bile flow and biliary excretion rate of 
DBSP , in the last part of the experiment . In the first part of 
the experiment ,  immediate ly after dehydrocholate administration , 
additional effe cts of bile salts occurred , which will be 
di scussed later on . The se high corre lations suggest , that bile 
salt induced bile flow per se is an important factor in the 
biliary excretion process of DBSP . 
I f  bile flow itse l f  regulates biliary excretion of DBSP , 
non-bile salt induced choleresis should also stimulate bi liary 
excretion of DBSP . Therefore , the influence of three non-bi le 
salt choleretics was investigated , ouabain , an uncharged compound 
whose biliary excretion is not affected by DBSP ( unpubl ished 
results)  and theophyl line and ethacryni c  acid , which both are 
metaboli zed and excreted in bi le as organic anions ( 3 1 , 3 3 ) . 
Ouabain admini stration caused an increase in biliary excretion of 
DBSP , whereas ethacrynic acid and theophylline did not , in spite 
of a distinct choleresis . The lack of a stimulatory effect on 
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bil iary DBSP excretion of both anionic non-bi le salt choleretics 
could be explained by the assumption that the stimulatory effect 
on biliary excretion of DBSP i n  principle is present , but masked 
by competitive inhibition in hepatic transport between DBSP and 
both choleretic agents . 
To tes t this hypothesis the influence of DBSP on hepatic 
f 14 h . . d . . d o . transport o C-et acrynic aci was inve stigate . ur experi-
mental data indicate , that DBSP inhibits the biliary excretion 
of 1 4c-ethacrynic acid and/or metabolites . The relative amounts 
of ethacrynic acid and metabolites in bi le , however , were not 
markedly changed , thus inhibition of the conj ugation process of 
ethacrynic acid by DBSP does not form a likely explanation for 
the interaction . Moreover ,  the biliary excretion of the ethacry­
nic acid-glutathion conj ugate was also inhibited by administrat­
ion of DBSP . Indirect evidence for the interaction be tween DBSP 
and ethacrynic acid was obtained from the observation that the 
ethacrynic acid induced bile flow was inhibited by DBSP 
administration . 
Simi lar experiments were performed with taurocholate and 
DBSP . When 3H-taurocholate and DBSP were administered in molar 
ratio of 1 : 4 no inhibition of 3H-taurocholate output was found . 
These observations confirm conclus ions from earlier reports ( 8 , 
3 5 ) , that not all  organic anions share a common step in the 
hepatic transport process . The phenomenon of an intact bile salt 
excretion and a de ficient organic anion output , which occurs in 
the Dubin Johnson syndrome ( 2 3 ) and the Corriedale sheep ( 1 )  
leads to the same conclusion . These data can be explained by 
several carriers for organic ions or by differentiation in 
hepatocytes concerned with the hepatic transport of the various 
organic anions . Such separate transport systems for bile salts 
and other organic anions may have a physiological advantage , 
because the hepatic transport of bile salts i n  that case wil l  not 
be influenced by changes in  hepatic supply of other endogenous 
or exogenous organic anions . Thus , in case of ethacrynic acid 
competitive inhibition of DBSP excretion is  likely . On the other 
hand ouabain may be excreted via anothe r bi liary excretion 
pathway , thus , i n  this case , the stimulatory e ffect due to an 
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increased bile flow is not counteracted by a competitive 
inhibition with DBSP . 
Generally , an increased biliary excretion rate of a drug can 
be explained by an increase in Vmax/Km ratio of the biliary 
excretion process for the particular drug . An increased ( apparent) 
Vmax theoretically can be caused by 
a .  an increased dissociation of the drug-carrier complex in the 
bi le canaliculi due to a decreased drug concentration , caused 
by the choleresis or increased micel lar sequestration ( 4 2 )  . 
The assumption i s  made that the carrier-drug complex i s  unable 
to move from the canalicular side back to the internal side 
of the canalicular membrane . 
b .  a reduced reversed transport of drugs from bi le . Thi s  
decreased reversed transport occurs b y  a lower drug concen­
tration due to choleresis or high micellar binding . Thi s  
reversed transport could b e  located on the same carrier a s  for 
transport from liver to bi le , or on other carriers . 
c .  an allosteric interaction ( 1 8 ) , detergent e ffect or co­
transport which faci litates the transfe r  of the drug-carrier 
complex through the membrane . 
d .  an increase in the number of carriers participating in 
biliary transport , which may be caused by an increase in the 
number of cells ( 2 1 )  participating in the transport or an 
increase in the number of carriers per ee l .  
The results from the present study , showing that dehydro­
cholate is more potent in stimulating DBSP excretion than tauro­
cholate , as we ll  as other data reported ( 1 2 ,  5 1 , 5 2 )  rules out 
the proposed micellar sequestration ( 5 , 20 , 56 )  as a determining 
factor in the biliary excretion process .  
The observation , that the bile salts with the lowest deter­
gent activity are the most potent in stimulating the biliary 
excretion of DBSP argues against membrane detergent e ffects as 
a factor ; also our previous studies with isolated hepatocytes 
( 5 3 )  do not support thi s  hypothesi s . 
I f  allosteric interactions , as proposed by Forker ( 1 8 )  
would be o f  importance ,  it i s  difficult to explain that the equal 
biliary bile salt flux in dehydrocholate or taurocholate infusion 
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experiments would lead to such unequal effects on biliary DBSP 
output as actually observed . The same argument makes co-transport 
of bile salts and DBSP to bile an unlikely explanation . 
It cannot be complete ly ruled out , that a facilitation of 
the dissociation of the drug from the carrier in the canaliculus 
plays a role . However ,  if the canalicular transport step is 
active in the classical sense , one would expect uphi l l  transport 
not to be affected by the canalicular concentration . 
The mechanism which remains attractive i s  that reversed 
transport from the biliary tree occurs . Not only the presented 
data and data previous ly published ( 7 ,  1 0 ,  1 5 ,  4 2 , 44 )  shows a 
high correlation between bile flow and DBSP Tm , but also retro­
grade biliary inj ection studies ( 9 ,  1 1 ,  4 3 )  indicate , that 
reversed transport from bile takes place . 
However ,  it was reported that a number of non-bile salt 
choleretics do not stimulate the bi liary excretion of BSP in the 
dog in contrast to bile salts : 4-methyl umbelliferone ( 1 6 ) , 
glucagon ( 2 ) , theophyll ine ( 2 ,  1 6 ) , hydrocortison ( 34 ) , SC 2644 
( 20 )  and buculome ( 29 )  . This was confirmed for ethacrynic acid 
and theophylline with regard to DBSP in the pre sent study . 
Since most of the mentioned compounds are excreted in bile 
as organic anions , competitive inhibition may mask stimulatory 
e ffects . However ,  it is di fficult to accept , that in all these 
studies a supposed stimulatory e ffect would be exactly counter­
acted by competitive inhibitory e ffects , taking into account that 
various dosage regimes were used . Other pos sibilities to explain 
the lack of effect of the anionic non-bi le salt choleretics are 
the hypotheses , that the particulate choleretics may induce 
choleresis in hepatocyte s in the liver lubule not participating 
in dye transport ( 28 )  or that the non-bile salt induced choleresis 
in the dog is not of canalicular origin in spite of an enhanced 
biliary mannitol clearance . The latter hypothesi s may be suppor­
ted by the observation , that some of the non-bile salt cholere­
tics which were used in the dog , are not potent in the rat . It is 
known , that ductular modi fication of bile flow in this species is 
small ( 46 ) . Thus , the failure of some non-bile salt choleretics 
to stimulate biliary excretion of DBSP is not necessari ly in 
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conflict with our concept of a bile flow dependent biliary 
excretion mechanism of DBSP . 
It should be emphasized that the findings with DBSP or BSP 
do not afford a general rule concerning the interaction of bile 
salts and organic anions . Our previous studies with !CG in the 
rat ( 50 )  showed that biliary output of the dye was more stimula­
ted by taurocholate than by dehydrochol ate , in spite of a higher 
bi le flow by the latter compound . The same phenomena were found 
with Rose Bengal (unpubl ished observations ) .  These data indicate , 
that interaction between choleretics and cholephylic dyes also 
depends on the dye used ( 35 ) . 
The hypothesis ,  that bile salts activate more centrally 
located hepatocytes in the l iver lobule to excrete more drug 
( 2 1 ) , remain s a possible mechanism , although it should be 
emphasized that thi s  hypothesis is not necessarily in contrast 
with a bile flow dependent mechanism . 
Our in vivo studies as we l l  as the perfusion experiments 
strongly suggest , that the Vmax of the biliary excretion of DBSP 
is increased . I f  Vmax i s  clearly increased and the apparent Km 
unchanged , one would expect a parallel increase in intrinsic 
clearance and a change in the terminal phase of the biliary 
excretion curve . However ,  there were only sight changes in these 
parameters . This might imply , that the apparent Km was also 
increased by bile salt administration . A s imilar conclusion was 
reached by Forker ( 1 8 )  from experiments in a complete ly di fferent 
setup . The reason for such a change in apparent Km is unclear , 
but it could be caused by competition , some kind of competition 
of bile salts with DBSP , membrane modifying effects or changes in 
the hepatic distribution volume . The data in Table I might 
indicate , that there is some displacement of DBSP from particulate 
fraction to cytosol . We did not find evidence for competition 
between DBSP and taurocholate for ligandin and Z protein . The 
increased cytosol/particles rati o ,  howeve r ,  could also alter­
native ly be explained by the lower hepatic content of DBSP in the 
bile salt infusion studies ,  assuming a non linear binding in the 
particular concentration range . 
A third level of interaction of bile salts was found on the 
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hepatic uptake leve l .  Our studies indicate an inhibition of 
hepatic uptake of DBSP , which confirms our previous studies with 
isolated hepatocytes ( 5 3 ) . The inhibitory effects of dehydro­
cholate were observed with lower infusion rates than in case of 
taurocholate . This may be due to the differences in hepatic 
clearance of both bile salts . If the clearance is low , the 
cumulation of the bile salts in the medium (plasma ) will be 
higher and inhibitory medium (plasma) concentrations wi l l  be 
reached faster . Such an e ffect is suggested by the data presenterl 
in Fig . 9 .  The initial disappearance of DBSP from the medium i s  
moderately affected and the biliary excretion curve shows that 
the amount of DBSP , which is taken up initially is excreted with 
a rate at least equal to the control experiments . But subsequent­
ly the inhibitory effect progresses in time so that almost no 
DBSP is taken up into the liver anymore . Dehydrocholate 
administration in isolated perfused liver experiments was more 
e ffective than in vivo , which may be due to a more efficient 
hepatic c learance in vivo . The inhibitory e ffect of dehydrocho­
late in vivo has been reported frequently ( re ferences see 54 ) . 
The nature of the inhibitory e ffects of bile salts is 
unclear . Competitive inhibition of bile salts and organic anions 
in the hepatic uptake process as reported by Delage ( 1 3 )  cannot 
be a general explanation , because our previous studies ( 5 3 ,  54 ) 
indicated , that also hepatic uptake of organic cations is 
inhibited . 
The stimulatory effect of taurocholate on hepatic uptake of 
DBSP , recently reported by Marinovic ( 36 ) , could not be confirme::I 
in the pre sent studies , nor in our previous studies with i solate::I 
hepatocytes ( 5 3 ) . 
In conclusion , this study indicates , that the effect of bile 
salts on hepatic transport of DBSP is dependent on 
a. the dose of DBSP ; especially with higher doses a stimulatory 
e ffect on maximal biliary excretion is found 
b .  the dose of bi le salts ; low doses have stimulatory e ffect on 
biliary excretion , high doses at the same time can inhibit 
hepatic uptake . Thi s  implies that the dosage regime of bile 
salts i s  important . Infusions of bile salts be low maximal 
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hepatic removal rate will have stimulatory e ffects on biliary 
excretion , high infusion rate or bolus injections with high 
doses may cause concomittant inhibitory e ffects on hepatic 
uptake . Also the intrinsic hepatic c learance of the bile salts 
may play a role , bile salts with low clearance wi l l  more 
rapidly lead to inhibitory plasma concentrations 
c .  the choleretic potency of the bile salt ; bile salt with a 
high choleretic action wi l l  have the most pronounced stimu­
latory e ffects on biliary excretion of DBSP 
These factors , which generally vary among the many studies 
on this topic may explain the conflicting data and conclusions 
concerning interactions of bile salts and the hepatic transport 
of drugs . 
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S U P P L EMENT V I I 
B I L E S EC R ET I ON AND B I L E CGMPOS I T I ON I N  T H E  FREELY MOV I NG 
U NAN ESTHET I Z ED RAT . I NFL UENCE OF FOOD I NTAKE ON B I L E  FLOW 
R . J .  VON K ,  A . B . D .  VAN DOORN AND J . H .  STRU BBE 
SUMMARY 
1 .  In freely moving , unanesthetized rats b i le flow was measured 
continuously over the whole day - night cycle . Bile composition 
was analyzed and the influence of food intake on bile f low was 
investigated . 
2 .  In both sexes a distinct circadian variation of bile 
production was observed . The mean night time level was 50 i 
higher than the day time leve l for female rats and 38 % for 
male rats . A sharp decrease in secretion rate was prominent when 
the l ight switched on and bile flow gradually increased in the 
afternoon . 
3 .  The pattern of food intake was positive ly correlated with the 
pattern of bile secretion . During fasting only the general level 
of bile flow decreased , but the circadian variation persisted . 
Refeeding again increased the mean leve l of bile flow . 
4 .  The chenodeoxycholate - chelate ratio in these permanent bile 
fistula rats was higher than in " acute " bile fistula rats and 
changed during the day - night cycle . It decreased from 1 . 0 1  at 
05 . 00 h to a minimum of 0 . 4 1  at 1 5 . 00 h .  
5 .  During the day - night cycle the sodium , potassium , calcium 
and cholesterol concentrations were rather constant . The total 
bile salt concentration was only slightly changed , suggesting 
that both the bi le salt dependent fraction and the bile salt 
independent fraction were subj ect to about the same circadian 
variations . 
INTRODUCTION 
The mechanisms regulating bile fluid formation have not been 
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fully elucidated . It has been proposed that bile fluid is com­
posed of three fractions . First a fraction called the bile salt 
dependent fraction , which may be the result of the osmotic 
activity of bi le salts excreted in bile and secondly the bile 
salt independent fraction . The origin of the latter fraction is 
proposed to be due to sodium transport into the bile , controlled 
by the membrane bound sodium-potassium ATPase activity ( Erlinger , 
Dhumeaux , Berthelot & Dumont , 1 9 7 0 ) . Howeve r ,  recently some 
obj ections have been raised against thi s  theory ( Balabaud , Kron & 
Gumucio , 1977 ; Mei j er , Vonk & Weitering , 1 97 8 ) . Both of the above 
mentioned bile fractions are of canalicular origin . The third 
fraction is a ductular fraction , which is inducible by the hor­
mone secretin in some species ( O ' Maille , Richards & Short , 1 966) , 
but not in the rat ( Shaw & Heath , 1 9 7 2 ) . Therefore , it is 
suggested that this last fraction does not play an important role 
in the bi le formation of rats . 
So far , little is known about the nervous and hormonal 
regulation of the various bile fractions . Vagal control of bile 
flow has been suggested (Tanturi & Ivy ,  1 9 3 8 ; Pissidis , Nyhus & 
Bernbeck , 1 9 7 3 ) , but also contradicted ( Debray , De La Tour & Roze ,  
1 9 7 4 ;  Pass & Heath , 1 9 7 6 ) . Some intestinal hormones l ike gastr in 
or cholecystokinin have a stimulatory e f fect on bile f low ( Jones & 
Grossman , 1 970 ) . Under normal physiological c ircumstances these 
hormones are released after ingestion of food . Contradictory data 
are available concerning the relation between food intake and 
bile secretion . A stimulatory e ffect of food intake on bile 
production in dogs has been reported ( Fritz & Brooks , 1963 ; 
Nahrwold & Grossman , 1 967 ; Jones & Grossman , 1969 ) , whereas 
others observed that thi s  phenomenon did not exist in rats ( Shaw & 
Heath , 1 9 7 2 ) . Species variation may be an important factor in 
the observed differences .  
The present study was undertaken to study the influence of 
food intake and food deprivation on bile secretion in freely 
moving unanesthetized rats . Bile flow was measured continuously 
over the whole day - n ight cycle by means of a permanently 
implanted bile fistula and bile was not permitted to reach the 
intestinal tract . The influence of the recirculation of bile 
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salts , the trauma of the operation procedure and the stress of a 
restraining cage was eliminated by this procedure . 
Bile flow was found to display a clear circadian variation . 
Bile collected in thi s way was analyzed , to investigate to what 
extent the different bi le fractions mentioned above , contribute 
to the variations in bile production during the day - night 
cycle . 
METHODS 
Su2'giaaL technique (for a permanent· bi le _:is tu la) 
The application of a permanent bile fistula allows a 
continuous estimation of bile flow during the whole day - night 
cycle in freely moving , unanesthetized rats . 
All surgical tools and cannula were steri lized with heat . 
Rats were anesthetized with diethylether . A median incision 
about 1 . 0  cm long was made on the top of the head and the skin 
was pulled aside . The membranes were removed from the bones of 
the skull  by rubbing with dry cotton-wool . Three holes were made 
in the skull with a dental trephine , one in a frontal bone and 
one in each parietal boneplate . It was essential to stay at a 
safe distance from the blood s inuses situated directly under the 
skull . Three smal l  screws were fitted into these holes , but 
tightened in such a way that about 0 . 5  mm remained between the 
skul l  and the head of each screw . A midline incision of about 
2 cm was then made , one centimeter caudal of the processus 
xyphoideus . With a smal l  foreceps the bile duct was held about 
one centimeter before the first bifurcation to the liver lobes . 
This part of the bile duct was free of pancreas tissue . A smal l  
incision was made i n  the bile duct with a sharp needle ( 2 3G) and 
with another foreceps the silicon cannula was inserted through 
this incision . This si licon cannula consisted of a long part of 
1 5  cm ( inner diameter 0 . 6  mm ;  outer diameter 1 . 2  mm) and a short 
part of. 1 . 5 cm ( inner diameter 0 . 5  mm; outer diameter 0 . 9  mm) 
which was inserted for about 2 mm into the long part . These two 
parts were glued to each other with s ilicon glue . The short part 
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was inserted into the bile duct up to a nodule of s ilicon which 
had been placed 5 mm from its tip . This nodule was then sutured 
to the bi le duct . Another thickening with glue at a distance of 
3 cm from the tip was used for f ixing the cannula to the 
abdominal wall . The long part was then drawn with a long fore­
ceps under the skin to the skull incision . The silicon tubing 
was connected to a short bent piece of stainless steel tubing 
( outer diameter 0 . 9  mm) . The latter was embedded in a layer of 
acrylic glue , about 3 mm thick , spread over a triangular area of 
the skull between the screws . In this way the cannula was 
attached to the skull . After that the skin was sutured around 
the glue . The rat was prophylactically injected with 60 . 000 i . u .  
penicillin . The total duration of this cannulation procedure 
was about one hour . After surgery , rats recovered rapidly from 
the operation and required no special care . Food intake returned 
to normal leve ls after a single day depending on the ski l fulness 
of the surgeon . After surgery at least one week was allowed for 
recovery before the rats were used for the experiments ( Light , 
Witmer & Vars , 1959 ) . When no experiments were performed , a 
polythene tube was pushed over the stainless steel tubing . This 
tubing (6 cm) was carefully bent by heat , allowing the bile to 
flow on the wood-shavings . 
The animals could be kept alive producing bile for several 
months and remained in good physical condition as could be seen 
in the regular feeding pattern and a normal increase in body 
weight . Some of the animals with a permanent fistula were 
sacrificed for electronmicroscopical and histochemical analysis 
of the liver . No abnormalities could be detected in appearance 
of ultrastructure of the hepatocytes by an electronmicroscopical 
analysis .  Hepatic enzyme activity of alkaline phosphatase ,  
5 ' -nucleotidase , nucleoside polyphosphatase (ATPase ) , leucyl- B­
naphtyl amidase ,  acid phosphatase , B-glucuronidase ,  glucose-6-
phosphatase , non-specific esterase , succinate dehydrogenase , 
isocitrate dehydrogenase , B-hydroxybutyric acid dehydrogenase ,  
glucose-6-phosphate dehydrogenase and a-glycerophosphate were 
investigated by enzyme histochemical techniques .  There was no 
s ignificant difference in the activity and distribution of these 
1 2 7  
enzymes six weeks after the operation procedure between the 
animals with a permanent bi le fistula and control animals . 
Maintenance of anima Zs and experimentaZ procedure 
Male and female rats were maintained in individual plexi­
glass chambers ( 2 5  x 25 x 30 cm) on wood shavings , at a room 
temperature of 2 0°c .  A standard diet was presented by a rack 
attached to one of the wal ls of the cage . Lights were on from 
07 . 00 h to 1 9 . 00 h .  
During the experiments , a long polythene tubing o f  about 
90 cm ( inner diameter 0 . 7 5 mm ,  outer diameter 1 . 45 mm) was 
connected to the stainless steel tubing . The other end was 
attached to a fraction collector outside the cage at the same 
level as the cage floor . In order to prevent torsion of thi s  
long tubing a swivel j oint designed b y  Strubbe ( 1 974 )  was used . 
A thin thread for attaching a counter weight was tied to the 
polythene tube j ust above the swive l .  The tubing was protected 
against gnawing with a stainless stee l coi l .  A diagram of the 
experimental setup is shown in Fig . 1 .  
The occurrence of food intake during the whole day - night 
cycle was registered making use of a movable bar j ust in front 
of the food rack . When the animals were eating , the bar was 
pressed down , closing an electrical circuit which was recorded . 
To study the pattern of food consumption the following procedure 
was used . The twenty four hour period was divided into periods 
of five minutes .  When eating was registered during this five 
minutes period a positive score was made . The mean number of 
positive scores was determined for each half hour of the day -
night cycle over seven successive days . 
ChemicaZ analysis 
B i le acids were determined according to the method of 
Roovers , Evrard & Vanderhaeghe ( 1 968 ) and Van Berge Henegouwen , 
Ruben & Brandt ( 1 974 )  with minor modifications . After methylation 
the bile acids were chromatographed as their  trif luoroacetate 
derivatives on a column of 1 % OV-2 1 0  on Cromosorb W-HP 
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Fig . 1 .  A diagram of the experimental setup of a permanent 
implanted bile fistula in a freely moving rat , allowing conti­
nuous measuring of bile flow and food intake . (Design D .  Visser ) . 
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Fig. 2 .  Bile flow ( �l/min) measured in one male rat over four 
days . Mean values :':. SEM . t = switch on/off of the lights . 
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Fig . 3. B i le flow ( �l/mi n )  i n  male rats (e----e ; mean body weight 
335 :':. 21 g) and female rats (o---o ; mean body weight 239 :':. 1 1  g )  
o f  the same age ( s ix months ) . Mean values :':. SEM o f  s ix animals ; 
each animal measured for from three to six days . 
1 00- 1 20 mesh and analysed by flame ionization in a Packard­
Becker Mode l 4 1 9  gaschromatograph . 
Sodium and potassium were determined by flame spectrophoto­
metry using a model 450 Corning-EEL flame photometer . 
Calcium was determined by a complexome tric titration with 
ethylene-glycolbis ( aminoethylethe r ) -tetra-acetic acid ( EGTA ) . 
Detection o f  the end-point was obtained with calcein as fluoro­
phore ( Jackson , Breen & Chen , 1 9 6 2 ) . 
Cholesterol was determined according to the method of Abe l l , 
Levy , Brodie & Kendall ( 1 9 5 2 ) . 
Statistical analysis 
Kendall ' s  rank correlation test ( Kendal l ,  1 9 5 5 )  was used to 
evaluate whether a correlation existed between food intake and 
bile flow . The leve l of signi ficance selected was p < 0 . 0 5 .  
RESULTS 
Bile flow was measured continuously in the unanesthetized 
rats in fractions of thirty minutes.  Fig . 2 illustrates a 
representative example of bile flow over the whole day - night 
cycle . This shows the mean value of one rat measured during four 
days . Bi le flow was highest during the night and sharply 
decreased when the l ight switched on . From about 1 5 . 00 h a 
gradual increase in bile f low occurred . In general other rats 
displayed the same circadian patterns in bile secretion . The 
mean bile flow rate of six male rats and six female rats of 
about the same age (6 month s )  is plotted in figure 3 .  The 
circadian variations in bile flow could be observed in both 
sexe s .  The increase in bile flow between 1 5 . 00 and 20 . 00 h was 
more gradual in male rats than in female rats . The mean night 
time level of bile flow was 50 % higher than day time level for 
female rats and 38 % for male rats . Although the absolute amount 
of bi le produced was about the same in both sexes ( 1 6 . 0  ml/day 
for males and 1 6 . 5  ml/day for fema le s )  female rats have a 44 i 
higher bile flow than males , when mean body weight i s  taken into 
consideration , which were 239  g and 335  g respective l y .  
1 3 1  
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Fig . 4. Food intake pattern ( black bars) and bile flow (�-) in 
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Fig. 5 .  Influence of fasting on bile flow in female rats . Mean 
values , n - 4 .  - - - - , normal bile flow in female rats ; .---.. , 
bile flow 1° day ; �, bile flow 2° day ; 6�-6 , bile flow 
3° day . t- • start of food deprivation ; t+ = restoration of food . 
One of the factors influencing the c ircadian variation in 
bile flow may be food intake . Therefore , the patterns of food 
consumption were studied in ma le and female rats by automatic 
registration of food intake . Fig . 4 gives for each half hour , 
the mean frequency and standard error of food intake together with 
the mean bile flow in five female and four male rats . For both 
sexes a significant corre lation ( p < 0 . 0 l ; T  = 0 . 48 Kenda ll rank 
correlation ) existed between the two parameters . This could mean 
that food intake might be responsible for the c ircadian variation 
of bile flow .  However , the circadian rhythm persisted over 
48 hours of fasting ( Fig . 5 ) , which contradicts this suggestion . 
A progressive decrease in mean flow leve l could be observed over 
a two days fast . Upon re feeding an immediate increase in bile 
flow was found . 
As i llustrated in figure 2 ,  small  irregularities are 
superimposed on the diurnal fluctuation in bile production . These 
were a reproducible characteristic for each individual .  Food 
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Fig. 6 .  Food consumption and bile flow ( µ l/min) in male rats 
(e------e ) and female rats ( o---o) . a )  Bile flow before and after 
the first meal after midnight ( 0 . 00 - 0 2 . 00 h ) . b)  Bile flow 
before and after the first meal after noon ( 1 2 . 00 - I S . OD h ) . 
c) Bile flow be fore and after restoration of food after 48 h of 
fasting. "before " is the last period of 30 minutes before food 
consumption and "after" the first period of 30 minutes after 
food consumption . Mean values in each period are presented . 
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individual might be responsible for these smal l  variations . To 
test this hypothesis the individual experiments were examined , 
in which bile production and food intake were measured for one 
day in one animal . Measurements of several animals were tested 
in such a way . Meal onset tended to be followed by a peak in bile 
flow , but this effect was not statistically significant over the 
whole day - night cycle . When the same statistical analysis was 
made for the corre lation between bile flow and meals taken within 
a restricted period of the day or night , different results were 
obtained . For the fi rst meal taken between 00 . 00 and 02 . 00 h 
again no statistically signi ficant corre lation was found ( Fig . 6a) , 
but a sign i ficant positive correlation between stimulation of 
bile f low and food con sumption was observed in the case of the 
first meal taken between 1 2 . 00 - 1 5 . 00 h (Fig . 6b) . As the peak 
is always followed by a decrease in bile flow , i t can not be 
caused by the circadian increase in bile flow alone . Fig . 6c 
i l lustrates the increase in bile flow after administration of 
food to rats which had fasted for 48 hours .  A positive corre lation 
between both parameters was also found for this case . 
To determine the relative contribution o f  the bile salt dependent 
and bile salt independent fract ion to changes in bile flow during 
the day - night cycle , the bil iary concentration of some electro­
lytes , cholesterol and various bile salts were determined . I f  
changes i n  only one o f  the bile fractions were responsible for 
the circadian variation , a change in , for instance , bile salt 
concentration would be expected . The total conj ugated bile salt 
concentration in male rats was only slightly increased in the 
1 8 . 00 - 2 4 . 00 h period ( Fig . 7b) . A comparison of the 1 2 . 00 -
1 4 . 00 h period with the 00 . 00 - 02 . 00 h period revealed a 38 ' 
increase in bile flow , but on ly a 4 ° increase in the total bile 
salt concentration . 
The cholesterol concentration was rather constant over the 
day - night cycle ( Fig . 7b) . Fig . 7a il lustrates , that the 
concentration of sodium , potassium and calcium also did not 
markedly change over the day - n ight cyc l e .  This implies that 
the output of electrolytes in these anima ls is about 38 i higher 
in the night time than during day time . In single experiments 
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the concentration of calcium showed remarkable irregular 
f luctuations , the origin of which is not known . 
The ratio of conj ugated chenodeoxycholate to conj ugated 
chelate c learly changed during the day - night cyc le . This rat i o  
reached a maximum of 1 . 0 1  a t  06 . 00 h ,  decreased a t  the onset o f  
light t o  a minimum of 0 . 4 1  and increased again when the lights 
switched off . The concentrations of unconj ugated chelate and 
unconj ugated chenodeoxycholate were only 0 . 5  mmoles/l and 
0 . 2  mmoles/l respectivel y ,  which implies that about 95 � of the 
excreted bile salts were conj ugated . Since the concentrations of 
both unconj ugated bile salts as well as the concentrations 
lithocholate and deoxycholate were low ( <  0 . 1  mmoles/l )  no 
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Fig . 7 .  composition of bile of male rats during the day - night 
cycle measured one month a ft e r  the operation a) concentra tion 
in mmoles/1 of sodium ( .----.) ,  potassium (o---�>) and calcium 
( 6�6) . Mean values � SEM ; n = 4 .  b) concentration in mmoles/1 
o f  conjugated chelate ( .----. ) , conjugated chenodeoxycholate 
(o----<> ) ,  total bile salts ( 6------A) and cholesterol ( 6�-6) . Mean 
values + SEM ; n = 3 .  
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could be established . Comparison with bile from male , pentobar­
bital-anesthetized rats of the same strain (a 1 1te bile fistula 
rats)  ( Table I) showed that in  acute bile fistula rats the 
con j ugated chenodeoxycholate -conj ugated chelate ratio is c learly 
different , the biliary concentration of conj ugated chelate is 
lower , bile flow is much higher and total bile salt output is 
about the same as in  the chronic bile fistula rats at noon 
( Vonk et al . ,  unpublished work ) . The output of unconj ugated bile 
salts is only slightly smaller (<  3 • l  in acute bile fistula rats . 
DISCUSS ION 
Circadian variations occur in a large number of physiological 
processes (Altman & Dittmer , 1 9 7 3 ) . In the liver of rats they 
have been shown for both cholesterol and/or b i le salt synthetic  
activity ( Back , Hamorecht & Lynen , 1 969 ; Danie l sson , 1 972 ; 
Mitropoulus , Balasubramaniam , Gibbons & Reeve s ,  1 972 ; Danielsson , 
1 9 7 3 ) , as we l l  as for sodium-potassium dependent ATPase and 
magnesium dependent ATPase ( Bakkeren , 1968 ) . Because bile f low 
is supposed to be regulated by bile salt output and ATPase 
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permanent bi l e  fi stul a rats acute 
b i l e  fistula  
1 2 . uO - 14 . 00 00.00 - 0 2 . 00  rats 
b i l e  flow (ul /min )  9 .  l !. 0 . 7 12 .6 !. 0 . 5  1 8 .  3 !. 0 . 6  
conc. conj . chol ate (mM) 1 0 . 2  !. I .  2 8 .  7 !. 0 . 5  7 .2  !. 0 . 5  
cone . conj . chenodeoxycho l a te (mM) 5 . 1  !. 1 . 1  7 . 2 !. 1 . 6  1 . 1  !. 0 . 1  
cone. total b i l e  sal t (mM) 16 . 0  !. 1 . 8  1 6  . 6  !. I .  2 9 . 0  !. 0 . 6  
I output total b1  l e  sa l t  146 + 20 210 + 1 3  165 + 16 ( nmo l es/mi n )  
Table I .  B i l e  flow, bile salt concentrations and bile salt 
excretion in permanent bile fistula rats at noon ( 1 2 . 00 - 1 4 . 00h )  
and at midnight ( 00 . 00 - 02 . 00h) and i n  rats with a n  "acute" bile 
fistula . In the latter experiments bile was collected from male , 
pentobarbital anesthetized animals at noon , about 1 . 5  h after the 
operation procedure . 
activity ( Erlinger & Dhumeaux , 1 97 4 ) , a circadian variation in 
bile flow would also be expected . Recently Ho & Drummond ( 1 9 7 5 )  
and Balabaud , Noe l , Beraud & Dangoumau ( 1 975 )  demonstrated such 
a circadian rhythm in bi le f low using rats in restraining 
conditions and pentobarbital anesthetized rats respective ly . The 
present study with free-moving unanesthetized rats confirms these 
results . The technique used in these studies allows a frequent 
sampling of bile over long periods which permits the study of 
acute f luctuations in bi le f low . A sharp decrease in bile flow 
could be observed when the lights switched on , whi le the increase 
at the end of the day was more gradual .  
One of the factors responsible for changing the rate of bile 
secretion may be food intake ( Fritz & Brooks , 1 963 ; Nahrwold & 
Grossman , 1 967 ; Jones & Grossman , 1 969 ) . Therefore , we measured 
bile f low and food uptake simultaneously . The food intake 
behaviour of the rats was s imi lar to that described by S iegel 
( 196 1 )  and Le Magnen & Tallon ( 1 966) . A positive corre lation 
between food intake and bile f low within the same thirty minute 
interval was observed . In order to see whether this corre lation 
represented a causal relationship , a comparison was made with the 
fasting experiments . During fasting the c ircadian variation 
persisted , a lthough the general leve l of bile flow was decreased . 
This indicates that food intake is at least partly re sponsible 
for the general leve l of bile flow ,  but not for the day - night 
fluctuations . S imilar re lations were found for the activity of 
some digestive enzymes in the sma l l  intestine of the rat ( Saito , 
Murakami , Nishida , Fuj isawa & Suda , 1976 ) . When the relationship 
between smal l variations in bile flow and food consumption was 
investigated under different conditions , a positive corre lation 
between these parameters was found to exist at ref eeding after 
48 h of fasfting , at noon , but not during the night , when bile 
flow i f  high . The mechanism which governs the food-dependent and 
food-independent activation of bile f low is not known . With 
regard to the food-dependent activity it has been suggested that 
the presence of food in the intestinal tract releases hormones 
like cholecystokinin , which has choleretic properties ( Jones & 
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Grossman , 1 970 ) . Increased secretion of this hormone might , 
therefore , be responsible for the food-dependent bile secretion , 
but alternatives deserve to be considered . The food-independent 
regulation might be controlled j ointly by many factors ( Ho & 
Drummond , 1 9 7 5 ) . Conflicting evidence exists concerning one of 
these factors , the vagus nerve (Tantury & Ivy , 1 9 3 8 ;  Pissidus 
et al . ,  1 9 7 3 ; Debray et a l . , 1 97 4 ) . 
It would be of interest to know whether the bile salt 
dependent fraction and bile salt independent fractions of bile 
are subj ect to the same circadian variation . The total bile salt 
concentration in the period from 1 2 . 00 - 1 4 . 00 h was 1 6 . 0 mmoles/l 
(Table I ) . Assume that '>ll "!J the bile salt dependent fraction is 
subj ect to a circadian variation and at noon this fraction is 
50 % of the total bile flow (Erlinger & Dhumeaux , 1 9 7 4 ) . In the 
period of  00 . 00 - 02 . 00 h which has an increased bile f low of 
38  % the total bile salt concentration would be expected to be 
20 . 4  mmoles/l (when the bi le salt dependent fraction of the total 
bile flow is less than 50 , this concentration becomes higher) . 
Because the observed total bi le salt concentration in the period 
from 00 . 00 - 02 . 00 h is only 1 6 . 6  mmole s/l ,  it can therefore be 
conc luded that the bile salt independent fraction is also subject 
to circadian variation . Thi s  contradicts Balabaud et al . ( 1 975 ) , 
who observed that the bile salt concentration in bile was de­
creased during night time and concluded that the circadian rhythm 
in bile flow in pentobarbital ane sthetized rats was due to 
f luctuations in the bi le salt independent fraction . 
A change in the chenodeoxycholate-cholate ratio over the 
day - night cycle was observed in our experiments . The normal 
synthe sis of both bile acids ( Danielsson , 1 97 3 )  includes the 
synthesis of cholesterol from acetyl CoA with the rate limiting 
enzyme hydroxymethylglutaryl-SCoA and subsequently a conversion 
to 7 a-hydroxy-cholest-4-en-3-one with the rate limiting enzyme 
cholesterol 7 a-hydroxylase . This intermediate 7 a-hydroxy­
cholest-4-en- 3-one can be metabolized both to chenodeoxycholate 
as we ll  as to chelate . The first step in the biotransformation 
of the last compound is regulated by the 1 2  a-hydroxylation of 
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7 a-hydroxy-cholest-4-en-3-one . The activi ty of this last enzyme 
alone (Cohen , Raicht , Nicolau & Mosbach , 1975 ) or the ratio of 
the ac tivi ties of the microsomal 26-hydroxylase and the 1 2  a­
hydroxylase (Bj orkhem , Danie lsson , Gustafsson , 1 9 7 3 )  may play a 
maj or role in determining the ratio between chelate and cheno­
deoxycholate formed from cholesterol . The reason for changes in 
the chenodeoxycholate-cholate ratio is  not c lear . Perhaps not all 
enzyme-activities in the bi le salt synthesis pathway show the 
same diurnal variation as hydroxymethylglutaryl-SCoA and 7 a­
hydroxylase of cholesterol ( Danielsson , 1 972 ; Mitropoulus et a l . , 
1 972 ) . Circadian variations in the ratio of chenodeoxycholate­
cholate may be explained by a deviating circadian fluctuation of 
1 2  a-hydroxylase activity . However ,  Danie lsson ( 1 972 ) concluded 
from experiments in vitro that 1 2  a-hydroxylation of 7 a-hydroxy­
cholest-4-en-3-one did not show c ircadian variations in enzyme 
activi ty , in contrast to 7 a-hydroxylation of cholesterol 
(Mitropoulos , Balasubramaniam & Myant , 1 97 3 ) . 
The 1 2  a-hydroxylase activity or the 1 2  a-hydroxylase/26 a­
hydroxylase activity ratio may also be responsible for the higher 
ratio of chenodeoxycholate-cholate in isolated hepatocytes ( Anwer, 
Kroker & Hegner , 1 97 5 )  and in the chronic bile fistula rats used 
in our experiments . In vitro experiments ( Johansson , 1 970 ; 
B jorkhem & Danie lsson , 1 9 7 4 ) , however , contradict this suggestio� 
Our bile fistula rats , which do not posses s  an enterohepatic 
circulation , may have a derepressed synthesis of bi le salts . In 
these animals the synthesis of bile salts is 2 7 2  µmoles/day , 
whi le Eriksson ( 1 957 ) reported a value of about 1 1 2 µmoles/day 
and Ho and Drummond ( 1 9 7 5 )  422  µmoles/day . For rats with intact 
enterohepatic circulation thi s  value amounts to about 1 3  µmoles/ 
day . This derepression of the bi le salt synthesis may be higher 
for the enzyme hydroxymethylg lutaryl-SCoA reductase and 7 a­
hydroxylase of cholesterol than for 1 2  a-hydroxylase of 7 a­
hydroxy-cholest-4-en-3-one , which also explains a higher relative 
amount of ch2nodeoxycholate . 
This study with unanesthetized , free ly moving rats indicates 
not only the existence of a diurnal variation in bile flow , but 
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also i n  bi liary bi le salt composition . The influence of these 
variations on hepatic functions , like the bi liary transport 
process , is the subject of further study . 
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S U P P L EMENT V I I I  
B I L IARY EXCRET I ON O F  D I B ROMOSULPHTHAL E I N  I N  THE FREELY  MOV I NG 
UNAN ESTH ET I Z ED RAT . C I RCAD I A N  VAR IAT I O N , E FFECT OF FAST I N G AND 
PE NTOBARB I TAL ANESTHES IA 
R . J .  VON K ,  E .  SCHOLTENS and J . H .  STRUBBE 
SUMMARY 
1 .  In  unanesthetized , freely moving rats , whi ch displayed a 
c ircadian rhythm i n  bile flow , hepatic transport of dibromo­
sulphthalein was investigated at midnight , when bi le flow was 
high and at noon when bile flow was lower . The influence of 
pentobarbital anesthesia and fasting on hepatic transport o f  
dibromosulphthalein was also studied . The data obtained with 
these permanent bile fistula rats with a comple te interrupted 
enterohepati c  circulation of b i le were compared with the data of 
rats with an intact or shortly interrupted enterohepatic 
c irculation of bile , to evaluate the influence of the entero­
hepatic circulation of bile ( salts ) on the hepatic transport 
process . 
2 .  Maximal biliary transport of dibromosulohthalein was subj ect 
to circadian variations : the bi liary transport maximum at night 
was 25  % higher than at noon , while maximal biliary concentration 
was not s igni f icantly alte red . The distribu tion volume was 
increased with 21 i duri ng nighttime , but the primary hepatic 
clearance constant was not changed . 
3 .  Pentobarbital anesthesia  decreased the maximal biliary 
concentration and the maximal biliary excretion rate of dibromo­
sulphthalei n , but the primary hepatic c learance constant was not 
changed . 
4 .  48 hours of fasting changed the primary hepatic clearance 
cc•nstant as well  as the biliary excretion of DBSP . The maximal 
biliary excretion was diminished , while  maximal bi liary 
concentration was i ncreased . 
5 .  I nterruption of the enterohepatic circu lation of bile did not 
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change the primary hepatic c learance constant of dibromosulph­
thalein , but presumably decreased biliary excretion of the drug . 
6 .  This study clearly i ndicates , that time of the day , feeding 
conditions , the use of anesthetics and i nterruption of the 
enterohepatic circulation of b i le are important determi nants in  
biliary excretion of cholephi lic dye s . 
Abbreviations : DBSP , phenol 3 , 6-dibromphthalein disulfonate 
INTRODUCTION 
( dibromosulphthalein)  ; Tm , transport maximum of 
biliary excretion (of  DBSP) ; Cm,  maximal bi liary 
concentration ( of DBSP ) ; t� , half life time ; V , 
apparent volume of the c entral compartment;  r ,  
rate constant ; K 1 2 , primary heoati c  clearance 
constant ( see Methods ) .  
c 
Circadian variations occur in a large number of proces se s  in 
the living organism (Altman & Dittme r ,  1 9 7 3 ) . Concerning the bile , 
two factors which are suggested to be i nvolved in its formation , 
are subject to circadian variations . Back , Hamprecht & Lynen 
( 1 96 9 ) , Danielsson ( 1 972 ; 1 9 7 3 )  and Mitropoulus , Balasubramaniam , 
Gibbons & Reeves ( 1 972 ) showed a diurnal variation i n  hepatic 
cholesterol and/or bile salt synthetic activity and Bakkeren 
( 1 968)  reported the same concerning hepatic ATPase activity . Bile 
flow and b i le salt output also vary during the day - nigh t  cycle 
(Mitropoulus , Balasubramaniam & Myrant , 1 97 3 ; Ho & Drummond , 1 97 5 ; 
Vonk , Van Doorn & Strubbe , 1 978c ) .  Food intake proved not to be 
responsible for the fluctuation in bile flow , but food deprivation 
decreased the overall b i le flow level ( Vonk et a l . , 1 978c ) .  As 
bi l iary excretion rate of some endogenous and exogenous compounds 
is dependent on bile flow or bile salt excretion ( Boyer , Scheig & 
Klatskin , 1970 ; Goresky , Haddad , Kluger , Nadeau & Bach , 1 97 4 ; 
Vonk , Jekel & Me ijer , 1 9 7 5 ) , Tm of these compounds i s  expected 
to change during the day - night cycle and under di fferent feeding 
conditions . The present study aims to i nvestigate thi s . The 
hepatic transport of dibromosulphthalein ( DBSP ) was investigated 
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at midnight when bile flow is high and at noon when bile flow is 
low and further after a fasting period of 48 hours . The compound 
DBSP was chosen ,  because it is not metabolized by the liver 
( Javitt , 1 964 ; Klaassen & Plaa , 1968 ) ; i t  has no distinct toxic 
effects and its biliary excretion can be stimulated by administra­
tion of choleretics ( Vonk et al . ,  1 975 ; Mahu , Duvaldesti n ,  
Dhumeaux & Berthe lot , 1 977 ) . 
In the experiments unanesthetized freely moving rats were 
used,  provided with a permanently implanted bi le fistula and 
heart cathe ter , allowing continuous bile col lection and frequent 
sampling of blood . In these animals bile was not permitted to 
reach the intestinal tract , which eliminate s possible influences 
of recirculating bi le salts on hepatic uptake of druqs ( Marinovic, 
Glasinovic ,  Seme l le , Boivieux & Erlinge r ,  1 977 ; Vonk , Jeke l ,  
Mei j e r  & Hardonk , 1978a ) .  Each animal served as its own control . 
The pharmacok inetics of DBSP in these animals with a permanently 
interrupted enterohepatic circulation of bile salts were compared 
with those in animals with a shortly interrupted e nterohepatic 
circulation and animals with an intact enterohepatic c irculation , 
in order to evaluate the i nfluence of bile salts originating from 
the enterohepatic circulation on the hepatic transport process . 
Generally pharmacokinetic studies in animals are pe rformed 
during anesthesia .  Because anesthetics may influence pharmaco­
kinetic parameters , in this study also the effect of pento­
barbital ( NembutalR) on hepatic transport of DBSP was investigated . 
METHODS AND MATERIALS 
Chemica ls 
DBSP was obtained from Societe d ' Etudes et de Reche rches 
Biologiques ( SERB ) , Paris , France , and pentobarbital ( Nembutal RI 
from S . A .  Abbott , France . 
Maintenance of anima1s 
Male rats of about 3 4 0  g were maintained i n  individual 
plexiglass cages ( 25 x 25  x 30  cm) on wood shavings , at a room 
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temperature of 20°c .  A standard diet was supplied ad libitum 
(except in the deprivation experiment s )  by a food containe r  
attached t o  one o f  the walls  of the cage . Water was freely 
available at all time s . Lights were on from 07 . 00 h to 1 9 . 00 h .  
Surgical technique 
"Permanent bile fistula rats"  were provided with permanently 
implanted bile fistulae as described extensively e lsewhere ( Vonk 
et al . ,  1 978c ) .  The method allows continuous s ampling of bile 
during the whole day - night cycle . Moreover , these rats were 
provided with a permanent heart catheter via the j ugular ve in i n  
the right atrium a s  described b y  Steffens ( 1 969 ) . Using this 
technique it i s  possible to inject substances directly in  the 
general circulation and to sample blood . Thus , plasma disappear­
ance and bi liary excretion of subs tances can be measured in  
undisturbed , unanesthetized and free ly moving rats . After surgery 
at least one week was allowed before the rats were used for the 
experiments , to e stablish a new level of bi le flow and bi le salt 
synthesis  ( Light , Witmer & Var s , 1 95 9 ) . 
"Non bile fistula rats " were only provided with a permanent 
heart catheter as described above . 
"Acute bile fistula rats " are rats which had an interrupted 
enterohepatic circulation of bile salts for about one hour before 
the drug was injected and which were pentobarbital anesthetized . 
The surgical technique used for these animals was described 
earlier (Vonk et al . ,  1 97 5 ) . 
Experimental procedures 
I n  experiments with permanent bile fistula rats one end of 
a polythene tube of about 90 cm ( i nner diameter 0 . 75 mm) was 
connected to the stainless stee l tubing at the head of the animal . 
The other e nd was attached outside the cage at the same level a s  
the cage floor t o  a fraction col lector . Bile was collected i n  
fractions of ten minutes .  The dead space in  the tubing outside 
the b i le duct , which was constant and amounted to 0 . 5 0  ml , was 
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corrected for in all experiments . I n  order to prevent torsion of 
the tube connected to the animal , a swive l j oint as described by 
Strubbe ( 1 9 7 4 )  was used . A thin thread for attaching a counter 
balancing weight was tied to the polythene tube j ust above the 
swivel . Further the tubing was protected against gnawing with a 
stainless  steel coi l .  DBSP was inj ected intracardially by a single 
dose of 1 5 0  µmoles/kg , which allows measurement of plasma concen­
trations and achieves bi liary excretion rates at Tm values 
(Vonk et al . ,  1 9 7 5 ) . Blood samples of 0 . 25 ml were taken in 
heparinized tube s . When experiments in  the night were performed , 
dimmed lights were used in order not to disturb the circadian 
rhythm . The dosage of DBSP in the night was based on body we ight 
at daytime . During pentobarbital experiments the temperature of 
the animals was kept between 3 7 . 5  - 38 . 0°c by a heating lamp to 
prevent hypothermia ,  which influences the biliary excretion 
process ( Roberts , Klaassen & Plaa , 1 96 7 ) . During fasting besides 
tap wate r ,  saline ( 0 . 9  � w/v NaC l )  was avai lable to the animals . 
The dosage of DBSP after 48 h of fasting was based on body weight 
before the fasting period . In all experiments with permanent bi le 
fi stula rats , unless  speci fied otherwise , we determined plasma 
concentration of DBSP at t = 1 ,  2 ,  3 ,  4 ,  8 ,  1 2 ,  16 and 28 min ,  
Cm , Tm and percentage of recovery after 4 h of DBSP . 
In non bile fi stula rats plasma concentrations of DBSP were 
determined at the same time inte rvals as described above . 
In acute bile fistula rats plasma concentrations of DBS P ,  
C m  and Tm were determined . 
Chemica l ana lysis 
DBSP was determined in bile and plasma . 50 µl plasma was 
diluted with 5 ml 0 . 1 N NaOH and measured spectrophotometrically 
at 580 nm . 1 0  µ l  bile was di luted with 1 0  or 20 ml 0 . 1 N NaOH and 
measured in the s ame way . 
After inj ection of DBSP , b i le samples were subjected to thin 
layer chromatography in  order to study biochemical modi fications . 
Thin layer chromatography with Silicage l 60 F (Merck A . G . ) and 
n-butanol , acetic acid and distilled water ( 4  : 1 : 2 )  indicated 
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that DBSP was not metabolized , which is in accordance with 
Javi tt ( 1 964 )  and Klaassen & Plaa ( 1 968 ) . We did not find any 
evidence for glucuronidation of DBSP in our animals ,  which has 
been shown to occur in Gunn rats ( Javi tt ,  1 97 6 ) . 
Pharmacokinetic analysis 
The plasma disappearance curves of DBSP were analyzed 
according to a two compartment mode l with elimination from the 
peripheral compartment as described by Richards , Tindall  & Young 
( 1 9 5 9 ) . Elimination from the peripheral compartment was concluded, 
because the assumption of e l imination from the central compart­
ment delivered conflicting evidence concernin9 the biliary 
excretion data . The rate constant of hepatic uptake ( r 1 2 i can be . Aa. + B B  calculated from the equation A+B ; the rate constant of 
biliary excretion C r2 3 i as aB/r 1 2  and the rate constant o f  re flux 
from liver to plasma C r2 1 l as a. + B - r 1 2  - r2 3 ; a. and B 
represent the slopes o f  the fast and the s low phase of the semi­
logari thmically plotted plasma disappearance curve (Fig .  2 )  and 
A and B the intercepts of the Y axis after extrapolation of the 
a. and B phase respective ly . Ve was calculated as D ( ose ) /A + B )  
and expressed as percentage of body wt . The ini tial hepatic 
clearance constant C K1 2 l was calculated as r 1 2  x ( Ve x body wt . /  
1 0 0 ) . 
The second part of the plasma disappearance curve of DBSP i n  
this study was regarded a s  one monoexponential phase in the 
measured time course . The s lope of this curve was dependent on 
the admin istered dose of DBSP ( unpublished work ) . Therefore r2 3  
was dependent o n  the dose , and the calculated values of r2 3  i n  
this study are re lative values ; in contrast r 1 2  and r2 1  were 
independent of the dose . 
Statistical ana lysis 
Statistical signi ficance of differences between the various 
groups of experiments was te sted by the Wilcoxon test . 
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Fig . 1 .  Bil iary excretion of DBSP in unanesthetized rats at noon 
(o---o) and at midnight (e-----e ) after injection of DBSP 
( 1 50 µmoles/kg body weight) . 
a) biliary concentration in· nunoles/ l ;  b) bil iary excretion rate 
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Fig . 2. Plasma disappearance of DBSP after injection of 
1 50 µmoles/kg body weight at noon , in rats which had free access 
to food and water ( o---o) (n = 5 ) , and at noon in fasting rats 
( ...------.. ) (n = 4 ) . Mean values + SEM . 
RESULTS 
Influence of time of the day 
I n  previous studies ( Vonk e t  al . ,  1 978c ) in unanesthetized 
permanent bile fistula rats , bile flow and bi le salt output were 
measured and both parame ters were compared in the period of 
00 . 00 - 02 . 00 h and 1 2 . 00 - 1 4 . 00 h .  Bile  flow was i ncreased by 
38 % during nighttime , whi le total bi le salt concentration was 
not significantly different i n  both periods . 
I n  the present study DBSP was injected i n  male rats i n  a 
dose of 1 50 µmo les/kg body weight at two di fferent times of the 
day - night cycle , 00 . 00 h and 1 2 . 00 h .  Biliary DBSP concentrat­
ion (Fig .  l a )  and biliary excretion rate of DBSP ( Fig . l b )  were 
compared in both situations . Biliary concentration duri ng night­
time tended to be lower than during daytime , but thi s  e ffect was 
not statistically significant during maximal excretion rates with 
biliary concentrations of 1 9 . 5  and 20 . 3  µmoles/l respectively 
(Table I ) . Tm during nighttime was sign i ficantly increased by 
about 30 % . Bile flow during n ighttime at maximal DBSP excretion 
was i ncreased with 39  % ;  the same change i n  bile flow was 
observed in control studies without DBSP . The total recovery of 
DBSP in bi le after four hours was not significantly di fferent at 
noon or at midnight (Table I ) . 
I n  Fig . 2 the plasma disappearance o f  DBSP i s  plotted semi­
logarithmically versus time . The p lasma disappearance curve was 
composed of at least two phases ,  a slow ( 6 )  phase with tl:i ( 6 )  of 
27 . 4  min and a fast ( a )  phase with tl:i ( a )  of 1 . 2  min ( corrected 
for the slow phase ) .  No s igni ficant di fference could be observed 
in both ti:i ' s  at noon or midnight (Table I ) . A 20 % increase of 
Ve during nighttime was found . The rate constant of hepati c  
uptake ( r 1 2 > was decreased during nighttime , while  the rate 
constant of biliary excretion ( r2 3 J was i ncreased . The rate 
constant for reflux of DBSP from liver to p lasma ( r 1 2 J was not 
stat istically significant altered . 





acute b i l e  
Permanent b i l e  f i s tu l a  rats f i s tul a rats non bi l e  f i stul a rats 
noon ( 5 )  m i d n i g ht ( 5 )  pentoba rbi ta 1 ( 6 )  fa s t i ng ( 4 )  pentobarbi tal ( 6 )  noon ( 4 ) pentoba rbi tal ( 4 )  
cm rrmol e s / l  20 . 3  + 0 . 7 19 . 5  + 0 . 8  1 7 . 4  + 0 . 8 :j: 2 3 . 9 + 1 . 7 * 22 . 4  + 0 . 6 * *  
Tm nmol es/mi n/kg/b . w .  1 180 + 30 1480 + so•• 1040 + 40* 780 + 70* *  1670 + 40* *  
b i l e  fl ow µ l /m i n  18 . 3  + 0 . 9  2 3 . 9  + 0 . 6* 1 7 . 8  + 1 . 1) 1 1 . 0 + 0 . 7** 22 . 8  + 0 . 9 * *  
recovery (4 h )  % 90 + 2 93 + 3 83 + l *  8 1  + 4 *  > 8 5  
ti (a) m i n  1 . 2 + 0 . 1 1 . 4  + 0 . 2 1 . 3 + ·0 . l  1 . 7  + 0 . 1 * * 1 . 0  + a . a··  1 . 6 + 0 . 1 * *  1 . 4  + 0 . 2 
ti ( B )  m i n  2 7 . 4  + 1 . 4 24 . 3  + 2 . 7  39 . 7 + 2 . 1 · · 46 . 7 + 3 .  7* .  26 . 1  + 2 . 0· ·  19 . 8  + 1 . 1 * *  23 . 7 + 0 . 4* 
Ve % Y/w 6 . 9  + 0 . 3  8 . 3  + 0 . 2·· 6 . 9  + 0 . 3 6 . 5  + 0 . 3 4 . 7  + 0 . 3* *  6 . 3  + 0 . 2  6 . 6  + 0 . 6  
rl 2  m i n-l 0 . 388 + 0 . 02 0  0 . 282 + 0 . 040* 0 . 35 5  + 0 . 02 2  0 . 245 + 0 . 01 8* *  0 . 507 + 0 . 026* * 0 . 265 + 0 . 0 1 4 * *  0 . 284 + 0 . 01 3  
r23 m i n- l  0 . 039 + 0 . 002 0 . 055 + 0 . 007 :j: 0 . 02 7  + 0 . 002• •  0 . 026 + 0 . 002· · 0 . 039 + 0 . 003* *  0 . 067 + 0 . 008* *  0 . 04 4  + 0 . 002· · 
r2 1  m i n-1 0 . 182 + 0 . 0 1 2  0 . 205 + 0 . 028 0 . 169 + 0 . 009 0 . 163 + 0 . 009 0 . 2 1 2 + 0 . 007* 0 . 149 + 0 . 007 0 . 153 + 0 . 0 1 1  
Kl2 ml /m i n  8 . 32 + 0 . 60 7 . 7 1  + 1 . 02 7 . 78 + 0 . 75 5 . 28 + 0 . 30* * 6 . 84 + 0 . 23 7 . 1 9 + 0 . 28 7 . 86 + 1 . 10 
Table I .  Data concerning hepatic transport of DBSP in male rats 
in peI'ITlanent bi le fistula rats at noon, at midnigh t ,  during 
pentobarbi tal ane sthesia at noon and during fasting at noon , in 
acute bile fistula rats during pentobarbital anesthe sia and in 
non bile fistula rats at noon and during pentobarbital anesthesia 
at noon . Permanent bile fistula rats have a permanently inter­
rupted enterohepatic circulation ; in acute bile fistula rats 
enterohepa tic circulation was interrupted for about one hour and 
non bile fistula rats have an intact enterohepatic circulation . 
The latter animals were only provided with a heart cathete r .  Tm 
is the maximal biliary excretion rate of DBSP calculated as the 
mean value of three consecutive periods of ten minutes with 
maximal bili ary excretion . Cm is the maxima l biliary concentrat­
ion calculated as the mean value of three consecutive periods of 
ten minutes with maximal biliary concentration . Bile flow is 
calculated as the mean value of bile flow in the same periods . 
Recovery in bile after 4 h is given as the percentage of the 
dose . t� (a )  and t� ( 6 )  are respectively the half lives of the 
rapid and s low phase of the plasma disappearance . Ve is the 
distribution volume of the central compartment,  expressed as 
percentage of the body weight . r 1 2  is the rate constant of 
primary hepatic uptake , r2 3  the rate constant of biliary 
excretion , r2 1  the rate constant of reflux from liver to plasma 
and K 1 2  the primary hepatic clearance constant . 
During fasting and at midnight the body weight at noon is used 
for calculating the dose , Tm and Ve . The values of the permanent 
bile fistula rats at midnight , during pentobarbital anesthesia 
and during fasting were compared with the same values o f  the 
permanent bile fistula rats at noon ; the values o f  acute bile 
fistula rats during pentobarbital anesthesia were compared with 
those of permanent bile fistula rats during pentobarbital 
anesthes i a .  The values of the non bile fistula rats at noon were 
compared with the values o f  permanent bile fistula rats at noon ; 
the values of non bile fistula rats during pentobarbital 
anesthesia were compared with those from non bile fistula rats 
at noon . t : p < 0 . 1 ;  p < 0 . 05 ;  p < 0 . 0 1 ; n is repre-
sented between parenthesis at the heading of each column . 
1 5 5  
Influence of pentobarbita l anesthesia 
The influence of pentobarbital anesthesia was i nvestigated 
in two groups of rats : the permanent bile fistula rats and the 
non bile fistula rats . Pentobarbital anesthesia was performed at 
noon after i ntraperitoneal injection of 60 mg/kg body we ight of 
NembutalR. The effect of pentobarbital was measured us ing the 
same animals of both groups without pentobarbital anesthesia as 
control ( see Table I ,  column " noon" and "pentobarbita l "  of both 
groups of animals . 
In permanent b i le fistula rats maximal bi liary concentration 
of DBSP decreased from 20 . 3  to 1 7 . 4  µmoles/l by pentobarbital 
ane sthe s i a ,  whi le bile flow at Cm was not s ignificantly different, 
whi ch resulted i n  a decreased Tm (Table I )  . During pentobarbital 
anesthesia Tm was reached after about 50 min , whi le in the control 
situation thi s  maximum was found after about 25 min (Fig .  3 ) . 
1 5 6  
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Fig . 3 .  Biliary excretion of DBSP in unanesthetized rats (�) 
( n  = 5 )  and pentobarbital anesthetized rats ( .---. ) ( n  = 6 )  after 
inj ection of DBSP ( 1 5 0  µmoles/kg body weight) a)  bil iary 
concentration in nunoles/l ; bl  biliary excretion rate in nmoles/ 
min/kg body we ight . Mean values � SEM . 
Plasma disappearance of DBSP i n  permanent bile fistula  rats during 
pentobarbital was retarded ; t� ( 8 ) was prolonged from 27 . 4  to 
39 . 7  min ,  whi le t� ( a l  was not much chanqed ( Table I ) . r 1 2  and 
K 1 2  were not significantly changed , but r2 3  was decreased during 
pentobarbital anesthesia . 
In non bile fistula rats the same e ffect of pentobarbital 
anesthesia  was observed . r2 3 was decreased , whi le r 1 2 , K 1 2  and 
r2 1  were not significantly changed . 
Influence o.f .fast inp 
The i nfluence of fasting was i nvestigated i n  the permanent 
bile fistula rats ( Fig . 4 ) . After 48 hours of fasting most 
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Fig . 4 .  Biliary excretion of DBSP in unanesthetized rats , which 
had free access to food and water (o---o) (n = 5) and in animals 
after 48 h of fasting <-> (n = 4) after i n j ection o f  DBSP 
( 1 50 µmoles/kg body weight ) . a)  biliary concentration in 
mmoles / l ;  b)  biliary excretion rate i n  nmoles/min/kg body weigh t .  
Mean values + S EM .  
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values . ( See table I ,  column " noon" and " fasting" ) .  An increase 
in bi liary concentration from 20 . 3  to 2 3 . 9  µmoles/l was found . 
Also other parameters of the biliary excre tion process were 
changed : a diminished Tm with 34 '!. bile flow with 40 i and total 
recovery after 4 h with 10 % . Plasma disappearance was also 
retarded ( Fi g . 2 ) ; t� ( a )  and t� ( B l  increased and r 1 2 , K 1 2  and 
r2 3  decreased . 
Compm0ison with acute bi le fis tula r>ats 
To i nve stigate the possible effects of the enterohepatic 
circulation of bile ( salts ) , the pharmacoki netics of hepatic 
transport of DBSP in pentobarbital anesthetized rats with a 
permanent interrupted enterohepatic ci rculation of bile , were 
compared with the corresponding values in pentobarbital anesthe­
tized rats with a shortly i nterrupted enterohepatic circulation 
of b i le . ( See table I ,  column "pentobarbita l "  of permanent and 
acute bile fistula rats ) . I n  acute bi le fistula rats with a 
shortly interrupted enterohepatic circulation Cm , Tm and bi le 
flow were 37 i , 7 3  and 3 0  % higher respective ly (Table I ;  
Vonk et al . ,  unpublished work) . Also plasma disappearance was 
changed ;  t� ( a )  and t� C S l were diminished , r 1 2 , r2 3  and r2 1  
were increased . I n  these animals , in which another surgical 
procedure was used , the distribution volume was smaller . The K 1 2 , 
howeve r ,  was not signi ficantly changed . 
Compar>ison with non bi le fistula r>ats 
To i nvestigate both the acute and chronic effect of recir­
culating bile salts on hepatic transport o f  DBSP , plasma 
disappearance of DBSP was measured in non bile fistula rats with 
and without pentobarbital anesthesia . The kinetics of plasma 
disappearance were compared with those in permanent bile fistula 
rats w ith and without pentobarbital anesthesia  respectively .  
(Table I ) . I n  the unanesthetized non bi le f istula rats both t� ' s ,  
r 1 2  and r23  were i ncreased compared with the unane sthetized 
permanent bile fistula rats , but the K1 2  was not signi ficantly 
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changed . In the anesthetized non bile fistula rats r 1 2  was lower , 
r2 3  higher but K1 2  the same compared with anesthetized permanent 
b i le fistula rats . r2 3  in non bi le fistula rats was 66 % higher 
in the unanesthetized and 43 % higher in anesthetized animals 
compared with unanesthetized and anesthetized permanent bile 
fistula rats respective ly .  
DISCUSSION 
Many factors may affect the hepatic uptake and b i liary 
excretion of drugs . Hepatic blood flow influence hepatic uptake 
of drugs with high intrinsic hepatic clearance { Branch , Shand , 
Wilkinson & Nies , 1 9 7 4 ) . Binding of drugs to albumin may change 
hepatic uptake { Baker & Bradley , 1 968 ; Meij e r ,  Vonk , Keulemans & 
Weitering , 1 9 7 7 ) . Microsomal enzyme i nducers like phenobarbital 
enhance biliary excretion of drugs { Fuj imoto , E ich & Nichols , 
1 9 6 5 ) . Co-medication may change hepatic transport of drugs in a 
competitive or non-competitive way . Moreover ,  changes in bile 
flow or bile salt output by admini stration of bile salts may 
stimulate { O ' Mai lle , Richards & Short , 1 966 ; Vonk et al . ,  1 9 7 5 )  
o r  inhibit {Bloomer , Boyer & Klatskin ,  1 97 3 ) the biliary excretion 
of drugs into bi le . This study indicates that the hepatic 
transport of drugs is also subj ect to circadian variations . Tm 
of DBSP at nighttime i s  2 5  % higher than Tm during daytime . Bile 
· flow and total bi le salt output in the permanent bile fistula 
rats is respective ly 3 8  % and 44 % h igher at nighttime than the 
corresponding values during daytime {Vonk et al . ,  1 978c ) .  It i s  
uncertain , whether the increased biliary DBSP excretion i s  caused 
by an increased bile flow and/or bile salt output or i s  directly 
regulated by a so far unknown circadian factor . The observations 
that biliary excretion of DBSP can be enhanced by administration 
of choleretics like taurocholate or dehydrocholate {Vonk et al . ,  
1 9 7 5 ; Mahu et al . ,  1 9 7 7 )  and the fact that maximal bi liary 
concentration of DBSP is not s ignificantly d ifferent at noon or 
at night favours the suggestion that bile flow and/or bile salt 
output regulate the biliary transport maximum of DBSP . 
When plasma disappearance of DBSP i s  analyzed under these 
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conditions of unequal biliary output of DBSP , it was found that 
r2 3  was increased at night , but r 1 2  decre ased . Since at a given 
clearance the rate constant is inversely re lated to the apparent 
volume of the central compartment , (Ve ) changes in the rate 
constant should be regarded in connection with the different 
values of V . This revealed that the initial clearance constant c 
was not statistically significant changed , because of the 
increase Ve at nighttime . The increase in Ve may be caused by an 
increased plasma volume at night , when the animals have a higher 
activity and by consequence a we ll  per fused vascular system . 
Most studies concerning hepatic transport of drugs were 
performed with anesthetized animals . However ,  the trauma of the 
operation procedure may affect the excretion function (Light 
et al . , 1959 ; Herman , Redinger ,  Small & Egdahl , 1 97 1 )  and 
anesthetics may alter e ither directly or by an influence upon 
the bile production (Cooper , Eakins & Slater , 1976 )  the hepatic 
transport process . With our experimental setup we were able to 
study the influence of anesthetics on the hepatic transport 
process in unrestrained animals . We were especially interested 
in the influence of pentobarbital , because in most of our 
previous studies pentobarbital was used as anesthetic agent 
(Vonk et al . ,  1 9 7 5 ;  Meijer , We itering & Vonk , 1 9 7 6 ) . At maximal 
DBSP excretion ,pentobarbital treatment did not significantly 
change bile flow (Table I ) , but during the last part of the 
experiment bile flow was increased . Rutishauer and Stone ( 1 9 7 5 )  
compared the e ffect o f  pentobarbital and urethane anesthesia in 
rabbits and observed a higher bile flow in pentobarbital anesthe­
tized animals . Cooper et al . ( 1 976 )  did not find a signi ficant 
increase in bi le flow after pentobarbital administration in rats 
under restraining conditions . In the present study Tm , Cm , r23  
and recovery of DBSP in bile were decreased after pentobarbital 
treatment , while primary hepatic clearance constant was not 
changed . This e ffect of pentobarbital on bil iary excretion of 
DBSP may be caused by competition of pentobarbital and/or its 
metabol ites with DBSP in the biliary excretion process . In rats 
pentobarbital and metabol ites are excreted in urine (Ossenberg ,  
Peignoux , Bourdiau & Benhamou , 1 97 5 ) , but also i n  bile ( Klaas se n ,  
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1 9 7 1 ) . Bai ley , Paul & Johnson ( 1 9 7 5 )  reported an inhibitory 
effect of pentobarbital on hepatic transport of succinylsulfathia­
zole , when they compared the influence of urethane and pentobar­
bita l .  Cooke & Cooke ( 1 977 ) observed an inhibitory e ffect of 
pentobarbital compared with urethane on hepatic transport of 
iopanoate glucuronide . 
In our experiments during fasting many pharmacokinetic 
values were changed .  B i le flow and Tm of DBSP were decreased , 
which confirms the results of Mahu et al . ( 1 9 7 7 ) , who described 
that 72 h of fasting diminished bile flow , bile salt output and 
Tm of DBSP . A retarded plasma disappearance of DBSP during 
fasting was also observed by Stein ,  Mishkin , Fleischne r ,  Gatmaitan 
& Arias ( 1 976 ) , who correlated this phenomenon with a decreased 
amount of Y protein in the l iver . During fasting pharmacokinetic 
parameters in the uptake and biliary excretion process were 
changed simultaneously , which hinders a clear analysis of changes 
of DBSP transport .  
The hepatic transport o f  DBSP was s tudied i n  three different 
groups of rats : the permanent bile fistula rats , the acute bile 
fistula rats and the non bile fistula rats . In the permanent bile 
fistula rats no portal supply of bile salts to the liver occurs , 
due to the interrupted enterohepatic circulation . The possible 
influence of bile salts on primary hepatic uptake of drugs , is 
therefore ruled out . The data of the permanent bile fistula rats 
were compared with those obtained from the acute bile fistula rats 
to study the chronic e ffects of the recirculating bile salts . In 
acute experiments a part of the bile salts from the total bile 
salt pool disappear8d due to the interruption of the entero­
hepatic circulation for about one hour . In the acute bile fistula 
rats during pentobarbital anesthesia compared with the permanent 
bile fistula rats during pentobarbital anesthesia many para­
meters were changed . The Ve was smaller , which may be caused by 
a different surgical procedure , but the primary hepatic clearance 
constant was not significantly changed . Thi s  indicates that the 
hepatic uptake of DBSP is not influenced by bile salts present in 
portal b lood . The higher r2 1  in the acute bile fistula rats is 
difficult to explai n .  The biliary excretion process was markedly 
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different : bile f low , Tm and Cm of DBSP excretion were higher in 
acute bile fistula rats . These differences cannot be caused by 
the recirculati�g bile salts alone , because total output of bile 
salts was not significantly different in both groups of animals 
( Vonk et al . ,  1978c ) .  
To study both the chronic and the acute effects of bile 
salts on pharmacokinetics of DBSP , the data of the non bile 
fistula rats at noon were compared with those from the permanent 
bile fistula rats at noon and the data from the non bile fistula 
rats during pentobarbital anesthesia with those from permanent 
bile fistula rats during pentobarbital anesthesia.  From both 
comparisons , it can be concluded that the primary hepatic 
clearance constant is not different , but the biliary excretion 
( r2 3 i is distinctly higher in rats with an intact enterohepatic 
circulation . One of the reasons for this i ncrease in r2 3  may be a 
high bile flow due to the recirculating bi le salts . 
This observation seems to be in contrast with the observation 
of Eriksson , Hellstrom & Ryrfeldt ( 1 9 7 5 ) , who studied the biliary 
excretion of 3H-terbutaline , in unanesthetized rats with an in-
tact enterohepatic circulation and observed that the biliary 
excretion in those animals was not much di fferent from that in 
anesthetized animals . However , biliary excretion of this organic 
cation is not expected to be changed by an anionic anesthetic 
agent like pentobarbital and/or metabolite s ,  while biliary 
excretion of most organic cations is not dependent of bile salt 
output ( Vonk , Scholtens , Keulemans & Mei je r ,  1978b) .  
The bile salt concentration in portal blood wi ll  be much 
lower in the permanent bile fistula rats than in both other 
groups of rats . In spite of thi s , the primary hepatic uptake of 
DBSP was not significantly di fferent , which is in contrast with 
the observation of Marinovic et al . ( 1 977 ) , who suggested that 
bile salts facilitate hepatic uptake of DBSP in the dog . The 
present data also do not indicate any inhibitory e ffect of bile 
salts on hepatic uptake of DBSP , as reported previously (Vonk 
e t  al . ,  1978a) .  Thi s  inhibitory effect depends on the bile salt 
concentration and was observed in isolated hepatocyte suspensions 
with concentrations higher than 40 µM .  In the present s tudies no 
1 6 2  
portal bile salt concentrations were measured . Cronholm & 
Sj6vall ( 1 967 )  reported that the portal bile salt concentration 
in rats amounted to 60 µM . According to our previous studies 
thi s  concentration would be expected to cause small inhibitory 
e ffects on hepatic uptake of DBSP . The discrepancy may be 
explained by animal differences , diet differences (Cronholm & 
Sj6vall , 1 9 6 7 ) , or mixing of portal blood with arterial blood , 
resulting in lower sinusoidal bile salt concentrations . 
This study indicates that the bi liary excretion of DBSP 
varies with the time of the day and is i nfluenced by pento­
barbital anesthesia , food deprivation and interruption of the 
enterohepatic circulation of bile salts . 
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SAMENVATTING 
Het e f fekt van galzouten op het transport van farmaka via de 
lever we rd in ratten onderzocht . De twee belangri j kste interaktie­
niveaus bleken te z ij n :  
a .  het galuitscheidings-proces 
b .  het leveropname-proces 
Het e f fekt van galzouten op de galui tscheiding van farmaka 
was niet eenduidig : de galuitscheiding van bepaalde farmaka werd 
gestimuleerd , terwi j l  de galuitsche iding van andere farmaka niet 
werd aangetast .  Binnen de laatste kategorie zijn er farmaka , 
waarvan de leveropname de sne lheidsbepalende stap voor het trans­
port van plasma naar gal bleek te zij n. Het mechanisme van de 
verhoging van de galuitscheiding van farmaka is  afhankel i j k  van 
het onderzochte farmakon : de galuitscheiding van dibromosulphtha­
lein is afhankel i j k  van de galstroom op zich , terwi j l de 
galui tscheiding van indocyanine groen en rose bengal niet direct 
gerelateerd is  aan de galstroom . 
De remming van leveropname van farmaka door galzouten , 
aangetoond in ge isoleerde hepatocyten ,  geisoleerde doorstroomde 
ratte levers en in intacte ratten , werd waargenomen bij  re latief  
hoge galzout spiege l s  in het plasma ( > 1 00 µM) . De  leveropname van 
zowe l positief als negatie f  ge laden farmaka was geremd , hetgeen 
kompetitie fenomenen minder waarschi jnlijk  maakt . Deze remming 
van leveropname van sommige farmaka kan farmakokinetische en 
farmakotherapeutische konsekwenties hebben , vooral in die 
pathologische situati e s , waarin hoge serum-galzout-koncentraties 
voorkomen . Farmaka , die gewoonlijk  in arote mate door de lever 
worden opgenomen , dienen daarom in genoemde pathologi sche 
situaties zorgvuldig gedoseerd te worden , ook indien deze farmaka 
niet in de gal uitgescheiden worden . 
Galzouten , die in physiologische omstandigheden in ratten 
afkomstig zijn van de enteroheoatische kringloop , stimuleren de 
galui tscheiding van sommige farmaka , terwij 1 de leveropname van 
die farmaka niet is veranderd . 
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